
Abstract
Helper T cell-regulated B cell responses constitute a major compo-
nent of the primary immune response to many pathogens. The sub-
sequent development of antigen-specific immune memory is one
critical outcome of this primary adaptive immune response. Antigen-
specific immunity develops through a series of intercellular
information exchanges organized around cognate T cell receptor-
peptide/MHC interactions. Here, we discuss these complex molec-
ular events and their cellular consequences in a serial synapsis model
of adaptive immunity. Our laboratory has developed strategies to
isolate antigen-specific Th cells and B cells to analyze gene expres-
sion and cellular function in single responding lymphocytes directly
ex vivo. These studies provide insight into the regulation and cel-
lular organization of antigen-specific immune responses in vivo.
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Introduction

Th-cell-regulated B cell responses develop
within specialized microenvironments of sec-
ondary lymphoid organs. Antigen-presenting
cells (APC), antigen-specific Th cells, and
antigen-specific B cells exchange molecular
information in an orchestrated progression of
cognate cellular interactions. These interac-

tions are organized in different microenvi-
ronmental locations within lymphoid organs
and occur separated over time after exposure
to antigen. Here, we present an ordered model
of adaptive immunity that consists of over-
lapping stages of immune synapse-dependent
and synapse-independent lymphocyte differ-
entiation (a serial synapsis model). Inherent
to this model is the notion of antigen-specific



lymphocyte subsets, each with cell surface
complementarity that helps to promote suc-
cessful synapse formation. To evaluate the
extent of cellular heterogeneity within an adap-
tive immune response, it is imperative to ana-
lyze the attributes of lymphocyte populations
one cell at a time. Our laboratory has focused
its efforts on flow cytometric strategies to iso-
late antigen-specific Th and B lymphocytes
from intentionally immunized mice. These
cells remain accessible to the analysis of gene
expression directly ex vivo and measurements
of physiologic responsiveness following short-
term stimuli in vitro. In this review, we will
outline these general strategies and highlight
the types of assays that provide single-cell
resolution to the assessment of lymphocyte
physiology in vivo.

Antigen-Specific Immunity

The Immune Synapse

Recognition of peptide-MHC molecules by
the T cell receptor (TCR) of specific Th cells
is central to the development of adaptive immu-
nity. Successful cognate interactions occur
through organized rearrangement of cell
surface molecules at the cellular interface now
commonly referred to as the immunological
synapse (1–3). Specific TCR-peptide/MHC
interactions cluster at the center of the immune
synapse surrounded by complementary adhe-
sion molecule interactions. Within the first
5 min of intercellular junction formation,
peptide/MHC is transported centrally and sta-
bilized (3,4). Actin cytoskeleton changes
enable the translocation of major costimula-
tory molecules to the cellular interface (5,6)
and may also help to preferentially recruit
membrane microdomains rich in glycolipids
and signaling intermediates (5). Thus, immune
synapse formation can encourage efficient
signal transduction by promoting localized
high concentrations of positive regulators

and potentially diluting the local influence of
negative regulators. Furthermore, immune
deficits associated with aging have been asso-
ciated with suboptimal recruitment of positive
signaling intermediates into specific immune
synapses (7,8). Overall, immune synapse for-
mation appears to be the critical organizing
principle underlying cognate cellular interac-
tions in vivo.

The Serial Synapsis Model
Over the course of a primary immune

response, synapse formation must occur
between antigen-specific Th cells and a vari-
ety of different cell types. These cognate cel-
lular interactions occur at different times after
antigen exposure and in distinct microenvi-
ronments within secondary lymphoid organs.
To help unravel these complex events, we con-
sider a Th-cell dependent primary B cell
response as a series of six overlapping
phases of synapse-dependent and synapse-
independent cellular development. The Serial
Synapsis Model depicted in Figs. 1 and 2
attempts to integrate the need for cognate infor-
mation exchange with timing, cellular devel-
opment, and tissue localization in vivo.

Phase 1 signifies the initial activation of res-
ident APC at the site of antigen entry through
nonspecific means of antigen uptake. Den-
dritic cells (DC), as the most efficient APC,
activate in response to antigen and local inflam-
matory signals and migrate to the T cell zones
of draining lymph nodes. In the T cell zones,
primed DC recruit naive antigen-specific Th
and initiate the first cognate cellular interac-
tions (Phase 2:Synapse I). It is generally thought
that all naive Th cells are equally able to dif-
ferentiate into a spectrum of effector Th cells
as pluripotent antigen-specific precursors. How-
ever, the quality of the TCR-peptide/MHC inter-
action can also clearly influence functional
commitment of Th cells (9). Hence, the avail-
able TCR repertoire can influence the outcome
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of an immune response (10,11). This initial
stage of antigen-specific Th cell development
is heavily influenced by the DC expression
pattern of cytokines (such as IL-12 and IL-6)
and costimulatory molecules (such as CD80
and CD86). The antigen-primed Th cells can
then deliver signals to the DC by way of cell
contact (such as CD40L) and perhaps also
immediate early cytokine production (such as
TNF-α). Thus, intercellular synapsis encour-
ages efficient local exchange of molecular
information that remains antigen-specific.

The next phase involves synapse-independent
clonal expansion of antigen-specific Th cells
(Phase 3: Synapse Independent). At this stage,
developmental programs initiated during the
first synapse can be consolidated and propa-
gated through selective cellular expansion.
Selection for Th cells with preferred TCR
occurs very rapidly (d 3–5 after priming) and
is associated with extensive clonal expansion
in the T cell zones (12). Subdominant clono-
types selected in this phase of the response
express distinct cell fates (such as GC vs non-
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Fig. 1. The Serial Synapsis Model, Phase 1-5. The five phases depicted in this figure are used to broadly
outline the synapse-dependent and synapse-independent phases of a developing primary immune response.
Phase 1 depicts the initiation of DC activation at the site of antigen entry. The antigen-primed DC migrates
to the T cell zones of secondary lymphoid organs to recruit naive but antigen-specific Th cells to form the
first immune synapse (Phase 2: Synapse I). Clonal expansion of the antigen-specific Th cells ensues in the
T cell zone in a synapse independent manner (Phase 3). There is significant migration of these antigen-primed
Th cells to the T/B follicular borders of these organs. The next stage involves cognate delivery of T cell help
to antigen-primed B cells and the less well characterized signaling to the Th cells by antigen-primed B cells
(Phase 4: Synapse II). The outcome of this information exchange is clonal expansion of antigen-specific
B cells and their subsequent differentiation into short-lived plasma cells in the T cell zones or alternatively,
secondary follicle formation in the B cell zones (Phase 5: Synapse Independent). Antigen-specific Th cells
also migrate to the follicular regions during this phase of the response.



GC entry) (13). Autocrine and paracrine influ-
ences of cytokines may also play a major role
in shaping the mix of Th cell functions within
the responsive population during this phase of
the response. Our recent studies on cytokine
production in vivo clearly demonstrate a broad
spectrum of functional outcomes associated
with the Th cell response to one dominant pep-
tide epitope (14). This phase of synapse-inde-
pendent development is also associated with
the migration of antigen-specific Th cells
toward the T/B follicular borders in vivo
(15,16) to initiate the second critical synaptic

interaction between antigen-primed Th cells
and antigen-primed B cells.

Antigen-specific B cells must have bound,
processed, and presented antigenic peptide-
MHC class II complexes to initiate the forma-
tion of Synapse II with antigen-primed
Th cells (Phase 4: Synapse II). At this phase in
the primary response, there may be multiple
antigen-primed Th cell subsets based on cell
surface phenotype and potential for cytokine
production (14,17). We have also recently
demonstrated substantial changes in Th cell
physiology,antigen responsiveness,and costim-
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Fig. 2. The germinal center cycle and antigen recall. The last stage of the primary response involves the
polarization of secondary follicles to initiate the GC reaction (Phase 6: Synapse III). The activities associ-
ated with the GC reaction are depicted in the center of the figure as the GC cycle identifying its general points
of control and checkpoints for developmental progression. Antigen-specific B cells are recruited into the fol-
licular regions within the B cell zones of secondary LNs. Rapid clonal expansion describes the formation of
the secondary follicle. The polarization of expanding centroblasts to the T proximal regions of the secondary
follicle and the appearance of resting centrocytes apically defines the emergence of the germinal center reac-
tion. Antigen-specific B cells diversify their BCR by somatic hypermutation and then “test” their variant
BCR for antigen binding in the light zone. Antigen is present in the GC as immune complexes deposited on
the FDC networks of the light zone. Diminished binding for antigen leads to programmed cell death and
rapid clearance of apoptotic B cells locally by tingle body macrophage. Improved binding to antigen results
in positive selection of the variant. There are two possible outcomes. The first option is to return to the dark
zone and resume the cycle of expansion, diversification, and selection. The second option is to exit the
GC cycle and thereby enter the memory B cell compartment. Th cell regulation of these events is depicted
as Synapse III in an antigen-specific interaction between germinal center Th cells and germinal center B cells
(most likely centrocytes). Accelerated memory B cell responses to antigen recall are also regulated by anti-
gen-specific memory Th cells depicted as Synapse IV in this general schematic. These cognate interactions
are proposed to occur between memory lymphocyte subsets with cell surface complementary.



ulatory requirements that would impact quali-
tatively and quantitatively on the outcome of
Synapse II in vivo (17). The predominant cel-
lular outcome of Synapse II is extensive clonal
expansion of antigen-specific B cells (Phase 5:
Synapse Independent). Some of this B cell
expansion proceeds in the T cell zones and gives
rise to short-lived antibody-secreting plasma
cells. The remainder of the B cell expansion
proceeds in the B cell zones within primary
follicles. Initial expansion occurs with a 6–8 h
doubling time and creates large IgD negative
regions within primary follicles, now referred
to as the secondary follicle. Around d 7–10 after
initial priming, the secondary follicle polarizes
into a T cell zone-proximal region of rapidly
dividing B cells (centroblasts) and a region of
quiescent noncycling B cells (centrocytes) at
the opposite pole. Once polarity is established,
this dynamic microenvironment is called the
germinal center reaction.

The Germinal Center Cycle
Figure 2 depicts the progress of B cell devel-

opment within the GC reaction and graphic-
ally outlines the accompanying molecular
and cellular process (Phase 5: Synapse Depen-
dent) (18,19). Antigen-specific B cells
recruited into the GC reaction rapidly expand
(centroblasts) and then diversify their antigen
receptors through somatic hypermutation. The
vast majority of these essentially random
changes are deleterious to antigen binding and
lead to death of the resulting centrocyte within
the GC light zone. Some rare mutations
increase affinity for antigen binding with the
resulting centrocyte being positively selected
either to remain within the GC and reenter the
cycle or to exit into the long-lived memory
B cell pool. There is clear evidence for antigen-
specific Th cells within this dynamic microen-
vironment (12,13,20,21), still little is known
of their precise role within this GC cycle of

activity. Nevertheless, Th cell involvement
is most likely antigen-specific involving
synapsis between GC Th cells and GC B cells.
GC Th cell are phenotypically distinct from
their T zone counterparts (22; MMW unpub-
lished) suggesting qualitatively different cell
surface complementarity in Synapse III inter-
actions with GC B cells.

Immune Memory
It is useful to consider the development of

antigen-specific memory in four broad phases:
induction, maintenance, expression, and
replenishment (18,19). Immune memory is
induced as one outcome of the emergent cel-
lular response to primary antigenic exposure.
Although it is yet unclear when and where
memory Th cells are selected, the main cellu-
lar outcomes of the GC cycle are long-lived
memory B cells. In either case, a cohort of the
primary response lymphocytes is selected to
enter the long-lived memory compartment
based on the “quality” of the antigen receptor
they express. In the Th cell compartment, selec-
tion appears based on slower dissociation
kinetics of TCR and peptide/MHC interactions
(23), whereas in the B cell compartment selec-
tion is based on high affinity for antigen after
somatic diversification of the BCR. Memory
cells are then maintained for long periods after
the initial clearance of antigen and recirculate
throughout the body in surveillance of anti-
gen reexposure. Upon antigen rechallenge,
memory is expressed through massive antigen-
specific cellular expansion and rapid devel-
opment of effector cell function. Memory
B cell expansion and plasma cell differentia-
tion are dependent on the presence of antigen-
specific memory Th cells. Although these sets
of interactions can be broadly classified as
Synapse IV, they must involve multiple sets
of complementary interactions depending on
the nature of the recall response and the
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memory lymphocyte subsets. At some point
after rechallenge, the long-lived memory com-
partment must be replenished to protect against
recurrent antigen incursion.

Antigen-specific Th Cell Responses

Isolation and Quantification
of Antigen-Specific Th Cells

Access to antigen-specific Th cells was the
first major obstacle to detailed analysis of
immune responses in vivo. Initially, antigen
specificity could only be revealed through
antigen-dependent selection in vitro and the
subsequent formation of short-term cell lines
or T cell hybridomas. These types of studies
provided critical information on TCR struc-
ture and offered access to analyzing the fine
specificity of the TCR regarding peptide recog-
nition. Transgenic animals expressing TCR
with known peptide specificity and MHC
restriction pattern represented the next sub-
stantial breakthrough to analysis of T cell fate
in vivo. These TCR transgenic animals were
best used for unraveling the molecular and
cellular events associated with T cell devel-
opment in the thymus. Unfortunately, immu-
nizing animals with monoclonal peripheral
TCR repertoires was inappropriate and dis-
torted the dynamics of normal T cell respon-
siveness in vivo. Jenkins and colleagues
championed the use of adoptively transferred
TCR transgenic T cells into normal syngeneic
recipients rendering them immunocompetent
with elevated precursors to a known pep-
tide/MHC (24). These animal models have
been used extensively to analyze many aspects
of the Th cell response in vivo (15,24–27).

We have developed an alternate strategy to
isolate antigen-specific Th cells from non-
transgenic animals. Our studies focus on dom-
inant antigen-specific Th cells in the murine
B10.BR response (I-Ek restricted) to pigeon
cytochrome c (PCC) (28). This dominant

clonotype expresses restricted V region genes
(Vα11Vβ3) with distinguishable third hyper-
variable (CDR3) sequences that confer pep-
tide specificity (29,30). It is possible to purify
PCC-specific Th cells using expression of
Vα11Vβ3 and antigen-dependent comodula-
tion of cell surface molecules (up-regulation
of CD44 and down-regulation of CD62L)
(Fig. 3A) (12,31). Owing to the very low fre-
quencies of responders in nontransgenic ani-
mals (approx 0.1% of total lymph node cells
even at the peak of a developing immune
response), high resolution flow cytometry was
required to ensure accurate cellular quantifi-
cation in vivo. Using this strategy, we quan-
tify the emergence of PCC-specific Th cells
from as early as 3 d after primary immuniza-
tion, through the peak of clonal expansion
(d 7–9). There is a steady local decline in spe-
cific Th cells over the next 2 wk (d 11–21) that
stabilizes around d 28 after initial priming
(12,31). The accelerated memory response to
this same antigen (peaks at d 3–4 and decline
begins by d 6) typifies the expectations of the
cellular response to antigen recall.

Antigen-Specific TCR Repertoire
Single-cell repertoire analysis provided

confirmation of peptide specificity and the first
direct evidence for clonal maturation in the Th
cell compartment (12,31). Between d 3 and 5
of the primary response, PCC-specific Th cells
with preferred CDR3 motifs are rapidly
selected in vivo (12). Clonal dominance is fur-
ther propagated through selective expansion
of these TCR with the “best fit.” Thus, much
of this clonal maturation occurs during Phases
2–3 of the schematic outlined above and is pri-
marily a consequence of Synapse I formation
in vivo. PCC-specific Th cells expressing the
preferred TCR accumulate to large numbers
in the T cell zones by d 7 after priming and
subsequently migrate into germinal centers by
d 9 (12). These trends are consistent with a
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role for the dominant clonotype in Phases 4–6
of the primary immune response, delivering
T cell help to B cells in the T zones and assist-
ing memory B cell development in the ger-
minal center. Finally, the dominant clonotype
rapidly reemerges upon antigen recall with
little evidence for further antigen-driven selec-
tion (12,31).

In a more extensive analysis of the PCC-
specific TCR repertoire, additional Vb3-
Va11+ Th cells could be found to emerge in
the primary response and reemerge on anti-
gen recall (13). Unlike the dominant clono-
type, these additional PCC-specific clonotypes
were rarely found in GCs but were still retained
into the memory compartment. These data pro-
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Fig. 3. Isolating PCC-specific Th cells directly ex vivo (A) B10.BR mice were immunized with 400 µg
PCC in RIBI adjuvant. Cells from the draining lymph nodes were stained with Cy5PE-53-6.7 (anti-CD8),
Cy5PE-M1/70.15 (anti-CD11b), Cy5PE-6B2 (anti-B220), FITC-RR8.1 (anti-Vα11),APC-KJ25 (anti-Vβ3),
PE-Mel14 (anti-CD62L), and biotin-IM7 (anti-CD44). Forward and obtuse light scatter gates were used to
exclude neutrophils and macrophages but include T cell blasts. Cells stained with PI are excluded in the
Cy5PE channel at acquisition. A representative probability contour of Vα11-Vβ3 expressing T cells from an
unimmunized animal (d 0) and an animal immunized 7 d earlier (d 7) are shown. Vα11/Vβ3 expressing
T cells that have up-regulated CD44 and down-regulated CD62L at each time point are presented in the small
insert box. (B) LN cells from B10.BR mice labeled with MCC/I-Ek tetramers 8 d post priming with PCC as
described above. KJ25 (anti-Vβ3) blocks MCC/I-Ek labeling so cannot be used together with the tetramer.
Five percent probability contours display cells binding MCC/I-Ek tetramers within the Vα11+ LN cells. >80%
of Vα11+MCC/I-Ek+ cells are CD44hi CD62Llo (right panel) and express CDR3 regions typical of antigen
binding (L. McHeyzer-Williams, unpublished). This figure is reproduced from ref. 15.



vide evidence for alternate cellular fates based
on expressed TCR structures and highlights
one division of function that must exist in the
antigen-responsive Th cell compartment.
There also appears to be a preimmune bias in
B10.BR animals. One of the eight distin-
guishing CDR3 sequence features preexisted
antigenic challenge in these animals (18). In
a collaborative study with Ashwell and col-
leagues (11), reducing the level of glucocor-
ticoid receptors in the thymus of B10.BR
animals altered this preimmune bias and cre-
ated a “hole” in the T cell repertoire. These
results lend support to a role for thymic selec-
tion in subsequent clonal dominance, how-
ever, the connection between the self-peptide
in the former and foreign peptide in the latter
is yet to be resolved.

Tetramers of Peptide/MHC Class II
An isolation strategy based on V region gene

expression has its strengths and does not
require direct antigen binding. More recently,
John Altman, Mark Davis, and I developed a
new approach for identifying antigen-specific
Th cells using fluorophore-labeled tetramers
of peptide MHC complexes. The first tetramers
produced and tested were I-Ek class II mole-
cules bearing the dominant peptide epitope of
moth cytochrome c (MCC), broadly analogous
to PCC (32). This new class of reagent was
rapidly and extensively adapted to labeling
CD8 T cells using peptide/MHC class I com-
plexes in both humans (33,34) and mouse
(35–37). The class II versions of this reagent
were more difficult to produce and the target
populations in normal animals were orders of
magnitude lower than their CD8 counterparts.
These issues have been overcome in a variety
of ways with class II versions of these reagents
providing new tools for the analysis of TCR
affinities (38) and the kinetics of binding (23).
We have used these reagents to confirm the
specificity of our original isolation strategy

(14,17) and can reliably isolate PCC-specific
Th cells from all stages of the immune response
outlined above. One example of this type of
labeling is presented in Fig. 3B. These data
indicate the level of tetramer binding in Vα11-
expressing Th cells from d 8 after initial prim-
ing when the vast majority of tetramer-binding
cells also express high levels of CD44 and low
levels of CD62L as predicted from the previ-
ous studies. Binding of these reagents is affin-
ity dependent and known to efficiently
transduce signals through the TCR (39) so are
best avoided for analysis of low affinity TCR
or direct ex vivo analysis of T cell function.

Changes in Th Cell Physiology
A great deal is known about naive Th cell

activation; however, it is not clear how Th cell
physiology changes during the course of a pri-
mary immune response. Our recent study
focuses on the peak of clonal expansion in the
T cell zones, 7 d after initial priming (17). We
evaluated changes to intrinsic signaling poten-
tials and proliferative capacity of single PCC-
specific Th cells at this phase of development.
To our surprise, all d 7 PCC-specific Th cells
exhibited a profound block in CD3- and CD4-
mediated mobilization of intracellular calcium
stores. The levels of intracellular calcium
stores were equivalent to naive Th cells, but
when artificially emptied by ionomycin or
thapsigargin, there was no capacitative cal-
cium entry (CCE). This more global calcium
blockade would seriously impair numerous
calcium-dependent activities fundamental to
developmental progression in vivo (such as
chemotaxis that drives migration to GCs). The
proliferative response of these refractory cells
to conventional polyclonal stimuli in vitro
(anti-CD3, anti-CD28, and IL-2) was also
severely blunted. Thus, known costimulatory
factors were not sufficient to drive cell cycle
entry at this stage of the immune response.
Overall, these data imply that the Th cell phys-
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iology governing Phase 4: Synapse II forma-
tion and its outcome in vivo are very different
to those at play during first contact (Phase 2:
Synapse I).

In subsequent studies, we noted the expres-
sion of CD69 on a substantial fraction
(25–30%) of the d 7 PCC-specific Th cells. As
CD69 had been previously associated with
promoting sustained high intracellular calcium
levels, we assayed this activity directly ex vivo
(17). Whereas CD69 crosslinking had no effect
on calcium flux by itself, there was a notable
rescue of TCR-independent CCE when the
d 7 Th cells were treated with ionomycin or
thapsigargin. Crosslinking CD69 with plate-
bound antibodies also restored proliferative
capacity in vitro. This CCE rescue operated
through a CD69-coupled G protein and
required calcium-bound calmodulin and cal-
cineurin. Thus, CD69 ligation may operate as
an efficient costimulatory signal at this phase
of the primary immune response in vivo. This
refractory phenotype and the role of CD69 in
its regulation also provides a new means for
analyzing the molecular mechanisms that
underpin the fundamental process of CCE.
These previous two sets of data highlight how
little we still know of Th cell regulation during
late phase events in adaptive immunity.

Cytokine Production In Vivo
The production of cytokines by antigen-

specific Th cells and their cognate delivery to
B cells is a major regulating principle of
humoral immunity. In a recent study, we iso-
lated PCC-specific Th cells from the primary
and memory response to evaluate their change
in cytokine-producing potential due to antigen
experience (14). Using short-term mitogen
restimulation in vitro, there was surprisingly
little evidence for the selective preservation
of IL-2, TNF-α, IL-4, and IFN-γ producing
potentials into the memory response. IL-10
provided one exception to this pattern with

significant increases in the frequency of PCC-
specific memory responders able to produce
this cytokine in vitro. Thus, the development
of functional potential appeared to be the con-
sequence of initial antigen experience with a
proportional preservation of specialized func-
tion into the memory compartment. We also
developed an RT-PCR assay with single-cell
sensitivity to estimate more directly the fre-
quency of cytokine-producing cells in vivo.
Frequencies of PCC-specific Th cells express-
ing IL-2, TNF-α, IFN-γ, and IL-10 increased
in the memory response compared to their
primary response counterparts. However, these
frequencies directly ex vivo were markedly
lower for most cytokines (IL-2, TNF-α,
IFN-γ, and IL-10) than revealed with mitogen
restimulation in vitro.

These studies indicate that the expression
of preferred memory function is not simply a
reflection of the increased functional capac-
ity of the memory Th cells; rather, their accel-
erated expression and increased prevalence
appear differentially regulated by the microen-
vironment of the memory response. These data
also clearly highlight the functional hetero-
geneity among antigen-specific Th cells with
respect to cytokine-producing potentials and
their expression patterns in vivo. These pat-
terns indicate extensive subset assortment
that most likely occurs as a consequence of
Phase 2: Synapse I interactions and must be
reconciled in any comprehensive model of
adaptive immunity.

Antigen-Specific B Cell Responses

Cognate cellular interactions promote the
exchange of information between both cell
types involved. Although the outcome of
Phase 2: Synapse I is a critical initiating event,
the continued maturation of antigen-specific
Th cells during Phases 4–6 most likely depends
on receiving the appropriate signals from
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antigen-primed B cells. To more completely
understand these activities, it is important to
dissect the cellular and molecular development
of antigen-specific B cells directly ex vivo. In
the last section of this review, we will sum-
marize the parallel experimental model we have
chosen for these studies and present the most
recent results that define a new cellular path-
way for antigen-specific memory B cells and
their development during the primary response.

Isolation and Quantification
of Antigen-Specific B Cells

An ideal system for direct ex vivo analysis
of antigen-specific B cells is the immune
response in C57BL/6 mice to the hapten
(4-hydroxy-3-nitrophenyl)acetyl (NP) (40,
41). NP-specific B cells can be visualized
directly in situ (42,43) or through NP binding
by flow cytometry (44–46). The vast majority
of NP-specific B cell clones from a primary
response express B cell receptors (BCR) with
the VH186.2 heavy chain coupled to Vλ1 light
chain (47,48). Somatic mutation proceeds in
the GC microenvironment (43) and is seen in
NP-specific B cells as early as d 6 after initial
priming (49). Most NP-binding cells express
mutated heavy and light chain genes by the
end of the second week after priming and can
be visualized upon antigen rechallenge in vivo
(44). Direct access to NP-specific B cells
through flow cytometry provides a reliable
means to quantify NP-specific B cell responses
directly ex vivo.

Our recent application of this high-
resolution flow cytometric strategy (46) is
broadly outlined in Fig. 4. Light scatter para-
meters and propidium iodide labeling are used
in conjunction with an “exclusion channel” to
clarify the starting population for analysis. This
first step in analysis excludes dead and dying
cells, T cells, macrophage, and cells that non-
specifically bind reagents for a variety of rea-
sons (such as Fc receptor binding). We then

identify cells able to bind the NP using a flu-
orophore (allophycocyanin in this case) with
a low conjugation ratio of the hapten. The figure
displays profiles from a memory response to
NP in which d 0 represents d 56 after initial
priming before antigen rechallenge. In
response to NP, most memory response pre-
cursors are expected to have switched to down-
stream immunoglobulin isotypes such as IgG,
during the primary immune response. The start-
ing population of putative memory-response
precursors can be seen at low frequencies as
NP-binding cells that are negative for sIgD
(Fig. 4 center panels). By d 3 after antigen
recall, there has been significant expansion in
the NP+IgD– cell compartment that persists
at high numbers in the spleen (Fig. 4: d 9 dis-
played) (46). These memory responders
emerge rapidly in the spleen and can also be
seen at high numbers in the bone marrow (Fig.
4 bottom panels). The dynamics of cellular
expansion in the bone marrow are more con-
sistent with migration from the spleen rather
than de novo local development.

Memory B Cell Subsets
The strategy outlined above leaves two flu-

orescence channels available for further phe-
notypic analysis. In these initial studies, we
used antibodies against CD138 (281.2: anti-
syndecan) and the B cell isoform of CD45R
(6B2: anti-B220) to subtype the NP+IgD–
memory responders. CD138 is an excellent
marker of antibody-secreting cells in this
response and can be seen to label a large frac-
tion of NP+IgD– cells at d 4 (Fig. 4 last panel
top row) (46). As expected, these antibody-
secreting cells express reduced levels of B220.
The second subset clearly visible in this panel
is negative for CD138 and expresses high levels
of B220. This subset is consistent with a
GC phenotype as well the expected pheno-
type of postgerminal center memory B cells.
Appearance of CD138-B220– cells as a third
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major subset of NP+IgD– cells was a com-
plete surprise. On closer examination, these
cells expressed the lambda light chain typical
of the NP response (on only 5% of background
B cells) with mRNA from single-cell analy-
sis displaying evidence of somatic hypermu-
tation (46). Although not antibody-secreting
cells themselves, they rapidly gave rise to
NP-specific antibody-secreting B cells upon
adoptive transfer. Interestingly, these novel
memory B cells were the majority population
of NP-binding cells found in the bone marrow
(Fig. 4 last panel bottom row) (46).

The extended cell surface phenotype of this
novel B220– memory B cell compartment
identifies at least two major subtypes (46). One
predominantly expresses IgG and the other
IgE. These B220– B cells have different pro-
liferative capacity from their B220+ counter-

parts. Atypical coreceptor expression indicates
unique means for responding to antigen (lack
of CD19) and recruiting T cell help (express-
ing CD43) (46). Integrin expression patterns
also suggest unique recirculating behavior that
may explain the preponderance for bone
marrow homing. Overall, these B220–
memory B cells comprise a major cellular
subset of the memory response and the long-
term memory B cell compartment (at least
d 42 post-recall) (46). These cells act most like
memory response precursors, primed for
rapid clonal expansion and ready to differen-
tiate into plasma cells on antigen recall.
Although it may be expected that these cells
have their origin in the primary response to
antigen, this cannot be taken for granted and
must be demonstrated directly. The presence
of B220– antigen-specific B cells during the
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Fig. 4. Three major subsets of NP-specific memory B cells. Previously primed C57BL/6 mice, rechal-
lenged with 400 µg NP-KLH in Ribi adjuvant, were sacrificed at various times post-recall to label spleen
and bone marrow cells for “five-color” flow cytometry. (A) Propidium iodide labeling is excluded at time of
acquisition. One example of light scatter parameters and Cy5PE labeling (anti-CD4, CD8, and F4/80) used
to exclude T cells, macrophage and cells that nonspecifically label with antibodies, light scatter gates are
broad to include B cell blasts. (B) Examples of IgD (texas red-11.26) and NP (NP-allophycocyanin) label-
ing on the Cy5PE- cells for spleen (top) and bone marrow (bottom) d 0 and d 9 after antigen rechallenge. (C)
Examples of CD138 (PE-281.2) and B220 (FITC-RA3-6B2) levels on NP-specific B cells (CD4– CD8– F4/80–

IgD– NP+) of the spleen (upper) and bone marrow (lower) for cells 4 d after antigen recall. This figure is
largely reproduced from ref. 48.
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