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Abstract
The paucity of murine memory B cell markers has been a significant impediment to the study of
memory. The most commonly used marker is IgG, which is neither sensitive nor specific, because
activated nonmemory cells can be IgG+, and memory cells can be IgM+. In this article, we show
that, together, PD-L2 (CD273), CD80, and CD73 define at least five phenotypic subsets of murine
memory B cells. These subsets are generated from naive cells bearing a single BCR in response to
a single T-dependent Ag. This diversity is independent of class switch, because IgG1- and IgM-
bearing memory cells are found within each compartment. Memory subsets defined by PD-L2,
CD80, and CD73 are biologically distinct from one another, because they differ in ontogeny and
selection. Together, these distinctions suggest that there is a spectrum of memory B cells and
progressive acquisition from more naive-like to more memory-like properties.

Emerging evidence suggests that intrinsic memory B cell properties contribute to the unique
quality of the secondary response (1–6). Based on precedents in T cells (7) and the
observation of phenotypic heterogeneity among human memory B cells (8–12), it seems
likely that memory B cell subtypes serve distinct functions.

Much of what is known about memory B cell biology comes from humans, in whom CD27
marks a population of Ag-experienced cells (11, 13). Intriguingly, several other surface
proteins, including FcRH4 (8), CD80 (9), and BCR isotype (10, 11), define additional
subsets of human Ag-experienced cells, and there is also evidence for CD27neg memory
cells (12). These heterogeneous populations likely arise from naive precursors of various
affinities and specificities after exposure to different Ags via multiple routes at different,
often undefined, periods of time prior to sampling. The inability to pinpoint origins of
heterogeneity reflects inherent limitations in the study of humans.

Our laboratory has developed murine systems in which memory B cells arise from
immunization of naive cells bearing a defined BCR (3, 5, 14, 15). More than 12 wk
following a single immunization, these systems generate a stably expanded population of
Ag-specific, Ag-experienced cells, which meets the functional definition of memory B cells.
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Using such systems, we demonstrated that PD-L2 (CD273) (16), CD80 (3), and CD73 (3)
were all expressed at higher levels among memory B cells compared with naive B cells.
Interestingly, however, for each of these markers, expression was elevated only on a fraction
of memory cells (3), suggesting unexpected diversity within the memory compartment.

In this study, we used detection of PD-L2, CD80, and CD73 to reveal remarkable
phenotypic heterogeneity among memory B cells, defining at least five distinct subsets of
memory cells. Notably, each of these subsets exists among IgM and switched-memory B
cells. Further, we demonstrate ontogenic differences among these subsets, and, based on V-
region sequence analysis, conclude that the subsets are not undergoing interconversion in a
resting immune animal. Together, these data give substantial insight into the memory B cell
compartment. They delineate a variety of stable subsets of murine memory B cells, provide
markers to identify them, and give clues to their function and origin.

Materials and Methods
Mice, transfers and immunizations, and generation of murine memory B cells

mVh186.2 (B1-8) transgenic (Tg), Vh186.2 (B1-8) site-directed-Tg (Sd-Tg), Jh knockout
(KO), Jκ KO, AM14 Tg, and Vκ8R mice were bred and maintained as described (5, 15).
C57BL/6J were purchased from The Jackson Laboratory (Bar Harbor, ME). The Yale
Institutional Animal Care and Use Committee approved all animal experiments.

Nitrophenyl (NP)-reactive memory B cells were generated in previously validated systems
after i.p. immunization with NP25-chicken γ-globulin (4-hydroxy-3-nitrophenyl)acetyl
chicken γ-globulin (NP-CGG) precipitated in alum. Memory cells were generated in BALB/
c background mVh186.2 Tg JH KO mice after two immunizations spaced 6 wk apart (5, 14),
in wild-type Bl/6 mice after a single immunization (3), and from donor BALB/c background
B1-8 Sd-Tg splenocytes after i.v. adoptive transfer into recipient animals and subsequent
immunization (5, 15). Adoptive-transfer recipients were AM14 Tg × Vκ8R Tg F1; parental
strains were CB.17 or Bl/6 (AM14 Tg) and BALB/c (Vk8R Tg). These recipients mount
poor endogenous NP responses because their B cells predominantly harbor the irrelevant
AM14 IgH/Vκ8R IgL specificity. Transferred precursor numbers were confirmed to be
within 10% of the intended dose by flow cytometry. Flow-cytometric analysis of CD38 and
CD95 expression confirmed the resting, nonactivated phenotype of the memory populations.

Identification of Ag-specific memory B cells formed in response to immunization with NP-
CGG was accomplished using (4-hydroxy-5-iodo-3-nitrophenyl)acetyl (NIP)-conjugated
fluorochromes. In the context of these adoptive-transfer systems, NP- and NIP-conjugated
reagents have similar efficacy in identifying Ag-specific memory B cells. Frequencies of
NP- and NIP-binding B cells were similar, and both identified a similar λhi κlow population
(Supplemental Fig. 1A).

Purification and analysis of cells by flow cytometry
Single-cell suspensions of RBC-depleted splenocytes were stained for flowcytometric
analysis (5, 17), analyzed, and sorted on an LSRII or FACSAria (BD Biosciences, San Jose,
CA); data were analyzed with FlowJo (Tree Star, Ashland, OR), as described (5).

Anti-κ (187.1), anti-IgMa (RS3.1), anti-CD80 (16-10A1), and labeled-NIP and NP reagents
were produced in our laboratory. Anti-IgG1 (A85-1), anti-CD73 (TY/23), anti-CD38 (90),
anti-B220 (RA3-6B2), anti-CD19 (1D3), anti-CD95/Fas (Jo2), and streptavidin reagents
were from BD Biosciences. Anti-CD80 (16-10A1) and anti-IgD (11-26c.2a) Abs were from
BioLegend (San Diego, CA), and anti-CD273/PD-L2 (TY25) was from eBioscience (San
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Diego, CA). Ethidium monoazide was from Molecular Probes (Carlsbad, CA), and
propidium iodide was from Invitrogen (Carlsbad, CA).

Mutational analysis
Vλ1 sequences were amplified and sequenced from FACS-sorted cells and aligned to a
rearranged germline Vλ1/Jλ1 sequence, as described (3). Statistical analysis of replacement
and silent mutations in the CDR and framework regions of the Vλ1 sequences to detect
selection was performed as described (18).

Statistical analysis
Statistical significance of differences between groups was determined by the unpaired
Student t test.

Results and Discussion
There are phenotypic subsets of murine memory B cells

The bimodal expression of the PD-L2, CD80, and CD73 markers suggested that together
they might define novel subsets of memory B cells. To test this idea, we used flow
cytometry to examine their expression on memory B cells. NP-reactive splenic B cells from
Vh186.2 Sd-Tg donor mice were transferred into recipients that harbor irrelevant specificity-
encoding IgH + L chain transgenes and, hence, mount a poor endogenous NP response (see
Materials and Methods). Mice were then immunized with NP-CGG precipitated in alum and
evaluated 12–20 wk later for the nature of the NP-specific memory compartment. PD-L2 or
CD80, together with CD73, each defined four populations of cells. In contrast, CD80 and
PD-L2 defined three populations (Fig. 1A). These markers identified similar subsets among
memory B cells generated in three independent memory systems, including in wild-type
mice (Supplemental Fig. 2). These subsets were identified equally well by the use of NP- or
NIP-reagents (Supplemental Fig. 1B); the NIP-reagent was used throughout the remainder
of this study. Memory B cell subsets, as defined by PD-L2 and CD73, were also identified
among isotype-switched (IgD−) NIP-specific memory B cells in wild-type mice
(Supplemental Fig. 2C).

Although technical limitations prevented us from examining all three markers
simultaneously, the observation that virtually all CD80hi cells were found within the larger
PD-L2hi population (Fig. 1A, upper right panel) means that expression of PD-L2, CD80,
and CD73 defines, at a minimum, the following five phenotypic subsets of murine memory
B cells: Triple Low (PD-L2lowCD73low cells that are also CD80low), Triple High
(CD80hiCD73hi that are also PD-L2hi), CD73 Single High (PD-L2lowCD73hi that are also
CD80low), L2/ 80hi–73low (PD-L2hiCD80hiCD73low, because CD80hiCD73low cells are also
PD-L2hi), and L2hi80low (PD-L2hiCD80low, which may or may not be subdivided by CD73
expression). From these observations, we formulated the hypothesis that memory cells could
progressively acquire markers and properties that distinguish them from naive cells and
instead are associated with more memory-like qualities; in this context, cells that are CD80hi

and/or PD-L2hi would be considered more memory-like.

Because the memory B cell pool is composed of IgM and isotype-switched–bearing cells (3,
6, 14, 19), we next asked whether upregulation of PD-L2, CD80, or CD73 was related to
isotype switch. IgG1 is the dominant switched isotype in the NP response; however, as a
result of interactions between anti-IgG and anti–PD-L2 reagents, we could not directly
coexamine their expression. Instead, we stained memory B cells with anti-IgM Abs and
gated on cells that were clearly negative to identify isotype-switched cells. Memory B cells
were gated by subset and then IgM expression was evaluated. Isotype-switched (IgM−) and
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unswitched (IgM+) B cells were found in each subset, although not at equal frequencies
(Fig. 1B). Subsets with a rate of switch significantly higher than the overall memory
population were the Triple High and the overlapping L2/80hi–73hi+low subsets (39.5% and
61%, respectively). Subsets with a frequency of switch lower than the overall population
were the Triple Low and the CD73 Single High subsets (6.8% and 7.0% switched,
respectively). Together, these data indicated that upregulation of the PD-L2, CD80, or CD73
memory markers is not causally linked with isotype switch. However, consistent with the
working hypothesis stated above, CD80hi and/or PD-L2hi memory cells are more likely to
bear isotype-switched BCRs than are other memory cells; thus, they might be said to have a
more memory-like phenotype with regard to isotype switch. In contrast, upregulation of
CD73 alone is not correlated with isotype switch. Thus, although BCR isotype correlates to
a degree with expression of PD-L2 and CD80, it defines an additional independent level of
diversity within the murine memory B cell pool.

Memory B cell subset formation depends on precursor frequency
Initial experiments investigated memory B cells arising in systems with relatively high
frequencies of naive precursors. Directly immunized mVh186.2 Tg mice had 1.5–3.0 × 106

endogenous splenic precursors. In Vh186.2 Tg or Sd-Tg adoptive-transfer recipient mice,
there were 1 × 106 transferred precursors, of which, <10% could have been expected to have
lodged in secondary lymphoid organs and to have participated in the immune response (20).
In the study of T cells, it was shown that precursor frequency influences memory formation
(20).

To determine whether precursor frequency influences the size of the memory B cell pool or
the distribution of different subsets formed, we titrated the number of NP-reactive naive
precursors transferred to recipients containing essentially no NP-specific B cells across a
broad range. Because wild-type Bl/6 mice have ∼10,000 NP-reactive B cells per spleen (21)
(Supplemental Fig. 3), we designed a titration range that included lower and higher
precursor doses. Splenocytes containing 1 × 106, 5 × 104, or 1 × 103 NP-reactive B cells
were transferred into AM14 × Vκ8R recipient mice of two background strains: CB.17 or Bl/
6 × BALB/c F1. The CB.17 recipient system was technically superior, because it permitted
greater donor B cell expansion and had less of an endogenous response so that the resultant
signal-to-noise ratio was larger. Nonetheless, results in the two systems paralleled one
another. Fig. 2 and the values in the text below are derived from the CB.17 system; both
data sets are summarized in Supplemental Table I.

The frequency of memory cells among splenic B cells diminished, but not proportionally,
when fewer precursors were transferred (Fig. 2A). From baseline (106), precursors were
diluted 20- and 1000-fold (5 × 104 and 103 cells). In response, numbers of resultant total
memory cells decreased by an average of only 7.1- and 9.4-fold of the baseline response
(Supplemental Table I, row 5). Thus, as was described in T cell systems (20), the relative
yield of memory cells increased as precursors were diluted.

In these experiments, an average of 1.6, 4.5, and 168.7 memory B cells was generated per
transferred precursor at each respective dose (Supplemental Table I, row 6). However, these
numbers almost certainly underestimate the actual relative precursor to progeny expansion.
First, as alluded to above, most transferred lymphocytes are thought not to survive to
participate in the immune response, so the true precursor frequencies are likely at least 10-
fold lower. Second, these calculations of the splenic memory pool underestimate the size of
the total memory pool, which includes memory cells in other lymphoid organs. However, it
is reasonable to assume that these variables are equal across experimental groups, so the
relative differences in expansion hold true.
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With fewer precursors, the fraction of the memory pool bearing isotype-switched BCRs
increased (Fig. 2B, Supplemental Table I, row 10), indicating that average expansion of
isotype-switched memory B cells also increased. Normalized to expansion at the baseline
106 naive precursor dose, the lower doses resulted in 23.5- and 762.3-fold greater average
expansion into IgG1 memory B cells, respectively (Supplemental Table I, row 12).

Interestingly, precursor frequency also affected the distribution of resultant phenotypic
subsets of memory B cells. With smaller numbers of naive precursors, the resulting memory
population was enriched for cells that had increased expression of PD-L2, CD80, and CD73
(Fig. 2B). For example, as precursors were titrated down, PD-L2hi cells increased from 24.6
to 49.6 to 59.9% of the total memory pool (Supplemental Table I, row 13). Conversely, the
Triple Low subset decreased in frequency from an average of 37–56.7% to 31.9% of total
memory B cells (Supplemental Table I, row 14). The enrichment in PD-L2hi and decrease in
Triple Low memory B cells occurred among unswitched and switched memory B cells
(Supplemental Fig. 4, Supplemental Table I, rows 13–16). Thus, like switched memory B
cells, unswitched memory cells acquire a more memory-like phenotype when precursors are
limiting and the resultant memory cells have arisen after a greater degree of expansion.

Mechanistically, how is it that proportionally more memory cells are generated when
precursors are limiting? The simplest explanation is that at the lowest dose, memory
precursors divided more. The increased class switch observed among memory B cells at
lower precursor doses supports this hypothesis, because switch is division linked (22). It is
also possible that death rates were higher when precursors were more plentiful; competition
for survival factors could impose such homeostatic constraints.

BCR mutation rates differ among memory B cell subsets
To further understand the relationships between these memory subsets, we sorted memory
cells based on PD-L2, CD80, and BCR isotype expression and sequenced theirVλ1 gene
segments (Supplemental Table II). Overall, the frequency of Vλ1 gene segments containing
mutations and the mutational content per Vλ1 gene were higher among switched (IgM−)
cells compared with unswitched (IgM+) cells. These frequencies were also higher among
cells that upregulated CD80 and PD-L2 compared with those that had not. Thus, all 30
sequences derived from IgM+ L2/80low cells were unmutated, whereas 28/31 (90.3%) of
isotype-switched L2/80hi cells had mutated Vλ1 gene segments. Regardless of BCR isotype,
nearly all L2/80hi cells had mutated Vλ1 gene segments (82.5% versus 90.3% for IgM+

versus IgM−, respectively). However, mutational content per sequence was greater (4.7
versus 2.65) among isotype-switched cells. We also analyzed the quality of mutations across
these subsets. There was positive selection of replacement mutations in the CDR regions
among switched L2/80hi cells (p < 0.001) and negative selection of replacement mutations in
the framework regions among IgM+ L2/80hi cells (p = 0.003), switched L2hi/80low cells (p =
0.002), and switched L2/80hi cells (p = 0.011). However, the patterns of mutations in other
subsets did not show evidence of such positive or negative selection, consistent with the
notion that they had undergone fewer rounds of mutation and selection in the germinal
center (GC) prior to differentiating into memory cells. Hence, the most memory-like cells
showed the strongest evidence of having undergone selection.

These data argue that memory B cells do not fluidly shift back and forth between subsets,
such as might be predicted if these subsets represented different activation states. If cells
switched between subsets, mutations would not be compartmentalized but rather would be
equally distributed among subsets, because hypermutation occurred prior to memory
differentiation. Rather, memory B cells from different subsets seem to be derived from
different developmental experiences. One possible explanation is that memory cells with
higher mutational content and greater affinity maturation spent a longer time in the GC and
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received relatively more cognate T cell help than did those with lesser mutational content
and lesser affinity maturation (23). It is also possible that subsets with less frequent
mutations were generated outside of the GC (19, 23). Assuming a steady rate of mutation
per cell division, these data also support the notion, again commensurate with the effects of
precursor frequency on expansion and subset distribution, that subset development and
proliferation are linked.

In summary, the data presented suggest that some memory B cell subsets are more memory-
like, whereas others are more naive-like. Memory-like subsets have higher frequencies of
class-switched B cells and higher mutational content. They also tend to express markers
found only on memory B cells and not follicular naive B cells. Thus, those that have
upregulated PD-L2 and CD80 (L2/80hi) seem to be the most memory-like. This subset is
enriched in switched cells and in cells with high mutational content (even when IgM
bearing); it also demonstrates the effects of Ag-driven selection on the patterns of V-region
mutations. Conversely, the Triple Low and the CD73 Single High subsets are more naive-
like. These have lower rates of mutation, and are infrequently isotype switched.

Our observation that marker upregulation and class switch correlate with the extent of
precursor expansion suggests that both processes, although independent, are division linked.
Increased probability of switch per division in vitro was described (22) and could be a useful
model for how marker upregulation and switch are correlated with one another, yet
independent. Increased cell divisions as a requirement for the ontogeny of L2/80hi memory
B cells might also provide an explanation for why this subset is enriched in mutational
content, because mutations would accumulate over subsequent divisions.

Recent work in the murine system by Dogan et al. (6) demonstrated that subpopulations of
Ag-experienced cells tend toward separate functions in the secondary response. Although
that study presented the concept of memory B cell heterogeneity, only two resting
populations were defined (because other cells considered were persistent GC B cells): IgM
and switched. Our data are consistent with this observation but go further to demonstrate
clearly that IgM memory itself is heterogeneous. IgM memory includes all subsets defined
by PD-L2, CD80, and CD73 expression and includes mutated and nonmutated cells,
suggesting that functional diversity must exist within this compartment. Furthermore, we
found that switched memory is also heterogeneous in terms of marker expression and rate of
mutation. Thus, although IgM and switched isotypes may be gross proxy markers for
biologically significant subpopulations of memory cells, the markers we described in this
article offer greater precision and clearly define common properties, including degree of
mutation, independent of class switch.

Taken together, our data demonstrate that there is significantly more heterogeneity within
the murine memory B cell compartment than has been previously appreciated. In addition,
we shed light on the ontogeny of these subsets, with more memory-like ones arising under
conditions of greater clonal expansion. This study should be of importance to the field,
because we define markers to readily identify different types of memory B cells. Thus, this
report provides both important insights and needed tools for the study of murine B cell
memory.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Abbreviations used in this paper

CGG chicken γ-globulin

GC germinal center

KO knockout

NIP (4-hydroxy-5-iodo-3-nitrophenyl)acetyl

NP nitrophenyl

NP-CGG (4-hydroxy-3-nitrophenyl)acetyl chicken γ-globulin

Sd-Tg site-directed transgenic

Tg transgenic
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Figure 1.
Surface expression of PD-L2 (CD273), CD80, and CD73 define phenotypic subsets of IgM
and isotype-switched memory B cells. Memory cells were generated after adoptive transfer
of Vh186.2 Sd-Tg BALB/c splenic B cells into AM14 × Vκ8R Tg CB.17 recipients,
immunization with NP-CGG precipitated in alum, and 12–20 wk rest. Naive cells were
harvested from unimmunized Vh186.2 Sd-Tg mice. The percentage of the parent population
of each quadrant or gate is indicated for individual mice shown. A, FACS plots of
splenocytes stained with Abs to the indicated markers gated on live, NIP-binding κneg

splenic B cells. Representative plots for >11 mice are shown. B, Representative graphs of
IgM staining of memory B cell subpopulations defined as in A. Individual quadrants are
depicted clockwise, beginning with the upper right. Parallel stains with anti-IgG1 (data not
shown) confirmed the IgM− gates. Naive B cells were lacking IgM− and IgG1

+ populations
(data not shown). Representative plots from at least five individual mice per dose are shown.
Specific memory subpopulations discussed in the text are highlighted in color.
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Figure 2.
Memory B cell subset formation is influenced by naive precursor frequency. Memory B
cells were generated from the indicated numbers of naive NP-specific B cells after adoptive
transfer of Vh186.2 Sd-Tg donor splenocytes into AM14 × Vκ8R CB.17 recipients, i.p.
immunization with NP-CGG precipitated in alum, and ≥12 wk rest. The number of naive
NP-reactive B cells adoptively transferred is indicated above each column. The percentage
of the parent population is indicated adjacent to the gates or within the respective quadrant.
Representative plots from three to five individual mice per cell dose are shown. A, FACS
plots of live splenic B cells demonstrating NIP binding and κ L chain expression. B, FACS
graphs and plots of NIP-binding B cells gated as in A, stained with Abs to the indicated
markers.
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