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Abstract

Memory B cells play essential roles in the maintenance of long-term immunity and may be
important in the pathogenesis of autoimmune disease, but how these cells are distinguished from
their naive precursors is poorly understood. To address this, it would be important to understand
how gene expression differs between memory and naive B cells to elucidate memory-specific
functions. Using model systems that help overcome the lack of murine memory-specific markers
and the low frequency of Agspecific memory and naive cells, we undertook a global comparison
of gene expression between memory B cells and their naive precursors. We identified genes with
differential expression and confirmed the differential expression of many of these by quantitative
RT-PCR and of some of these at the protein level. Our initial analysis revealed differential
expression patterns of genes that regulate signaling. Memory B cells have increased expression of
genes important in regulating adenosine signaling and in modulating cCAMP responses.
Furthermore, memory B cells up-regulate receptors that are essential for embryonic stem cell self-
renewal. We further demonstrate that one of these, leukemia inhibitory factor receptor, can initiate
functional signaling in memory B cells whereas it does not in naive B cells. Thus, memory and
naive B cells are intrinsically wired to signal differently from one another and express a functional
signaling pathway that is known to maintain stem cells in other lineages.
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Immunological memory, the ability to respond rapidly and effectively to Ag upon re-
exposure long after initial encounter, is the hallmark of the adaptive immune system.
Memory is an emergent property that stems from increased precursor frequencies of Ag-
specific B and T cells, long-lived Ab-forming cells, pre-existing Ab, and memory
lymphocytes with functional properties different from those of their naive precursors. The
secondary response is faster, of greater magnitude and of higher affinity, but it is difficult to
dissect out the contribution of memory B cells per se. To do so, it is important to understand
the inherent differences between naive and memory cells themselves.

By definition, a memory B cell has responded to Ag and survived for a long time afterward.
However, it is difficult to definitively identify such cells. As isotype class-switch and
somatic mutation frequently accompany the Ag response, these features (1-4), or markers
that are correlated with them, such as CD27 expression on human B cells (5-8), have been
used as proxies. However, not all memory cells are switched or mutated (5, 9-11).
Therefore, this approach does not address a proportion of memory cells. Furthermore, and
most importantly, because not all switched and/or mutated B cells are true long-lived
memory cells, recently activated B cells cannot be definitively distinguished from true
resting memory cells with these methods. Nonetheless, with these limitations in mind, use of
such proxies has facilitated considerable progress in understanding memory B cell properties
(1,2,8,12-18).

We and others (3, 19-21) have used a BrdU-labeling approach to identify memory cells
solely based on their history of a proliferative response to Ag. In this strategy, B cells are
labeled in vivo with BrdU during the proliferative phase of the response; a subset of these
that had differentiated into memory cells after labeling will remain BrdU* weeks to months
later. Coupled with a method to identify Ag binding, this approach identifies B cells that
meet the definition of memory without relying on a priori assumptions.

Using either surrogate markers or the BrdU-labeling strategy to identify memory cells,
several groups have compared the expression of surface proteins that mediate
immunological functions between naive and Ag-experienced B cells. CD80, and to a lesser
extent CD86, are up-regulated on human IgG* and CD27* B cells (2, 22, 23). A parallel up-
regulation has been observed among murine memory B cells (3, 24). Murine memory and
naive B cells also differ in surface expression of CD73 (3), CD95 (3, 16), Ccr6 (24), and
CDG62L expression (3, 24, 25). Recently, using combinations of these markers, phenotypic
subsets of murine memory B cells have been identified (3, 24), although their significance
remains largely unexplored.

Various approaches have been used to define specific functional properties of memory B
cells. Compared with naive cells, the lifespan of murine memory B cells is longer (19, 20,
26), suggesting that memory cells have different requirements for survival. Memory but not
naive B cells undergo slow homeostatic proliferation (19, 27), and thus have acquired the
ability to self-renew. Murine 1IgG* memory but not naive B cells require intact Ras-MEK
signaling for Ab production in response to T-independent Ag stimulation in vitro (1).
Human CD27* cells respond differently in vitro to a variety of stimuli (14, 15, 18, 28, 29).
Although such observations point to profound distinctions between memory and naive B
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cells, the underlying molecular pathways responsible for these differences are mainly
unknown.

While such phenotypic and functional studies have been informative, they have been limited
in scope and mainly tested molecules well-known to be involved in the immune response. A
genome-wide transcriptional profiling approach would provide an unbiased and complete
assessment of inherent differences between naive and memory B cells, enabling predictions
of specialized memory B cell functions. Because of the relative ease of isolation and
purification of human CD27* B cells, the first transcriptional profiling studies of memory B
cells were done in humans. A pioneering study of B cell lymphomas and several normal
human B cell populations demonstrated that gene expression among CD27" peripheral blood
cells was most similar to, yet distinct from, naive B cells (30). A subsequent study also
found strikingly similar expression profiles between memory and naive B cells (8).
Recently, another microarray study demonstrated that human CD27* B cells down-regulate
transcription factors that maintain quiescence (31). Despite the availability of human CD27*
cells, in the long-term, the murine system will best facilitate genetic approaches to evaluate
the function of genes important in memory B cell development, survival, self-renewal, and
response to Ag. Therefore, it is critical that intrinsic genetic differences between naive and
memory B cells in the mouse be characterized and studied. One group recently reported an
analysis of murine memory B cells, defined as rare IgG* Ag-specific cells (500-8000/
spleen), which were compared with total A* naive cells (4, 24). Overall, naive and memory
B cells were found to be similar, as in the human. Additionally, as a cluster of ~31 genes
was commonly expressed between memory B and T cells and hematopoietic stem cells, the
investigators suggested that these cell types may share self-renewal mechanisms. This study
has recently been expanded to better describe and further characterize several of the
differentially expressed genes (24).

We have been developing and characterizing systems that generate Ag-specific memory
cells and have validated them using BrdU labeling, somatic hypermutation analysis, as well
as surface marker expression characteristic of memory cells. These systems (19, 25), and
variants we describe here, generate large numbers of such cells (~13 million and ~3 million
nitrophenyl (NP)®-specific splenic memory B cells per mouse, respectively). The
availability of large numbers of memory cells has enabled us to conduct a microarray-based
comparison of gene expression differences between naive and memory B cells that has
several key advantages over the wild-type system. In addition to large numbers of highly
purified memory cells, our systems provide large numbers of the direct naive precursors to
memory B cells, so expression differences between the populations are primarily due to
memory-intrinsic changes, and not due, for example, to different isotype usage or different
specificity. They also enabled the purification of sufficient quantities of RNA to conduct
microarray analysis without additional rounds of amplification, which can introduce
artifactual heterogeneity; to perform multiple replicates of each condition, considerably

SAbbreviations used in this paper: NP, nitrophenyl; gPCR, quantitative RT-PCR; Tg, transgenic; KO, knockout; CGG, chicken
gammaglobulin; GC, germinal center; NIP, (4-hydroxy-5-iodo-3-nitrophenyl)acetyl; PI, propidium iodide; SA, streptavidin; Lifr,
leukemia inhibitory factor receptor; PKC, protein kinase C; GPCR, G protein-coupled receptor; Rgs, regulator of G protein signaling;
PKA, protein kinase A; AKAP, A-kinase anchoring protein.
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strengthening statistical reliability; and to allow extensive validation using quantitative RT-
PCR (gPCR) and at the protein level.

In this study, we report the identification of many genes that are differentially expressed by
naive and memory B cells, including a large number that were not previously identified with
other approaches. Given the wide variety of differentially expressed genes, we have chosen
to focus here on the altered regulation of several genes encoding proteins that interact in
specific signaling pathways. The differential expression of these genes suggests that
memory B cells are programmed to respond to environmental cues differently than naive B
cells. In addition to reporting the comprehensive results of our survey and its q°PCR
validation, we demonstrate differential protein expression of a number of key molecules
involved in signaling particularly, as well as the differential function of a receptor that was
previously known for its role in the maintenance of the stem cell state. Together, these
results substantially enhance our insight into the nature of murine memory B cells globally
and with regard to key specific signaling pathways.

Materials and Methods

Mice, transfers, and immunizations

The mVQ{186.2-transgenic (Tg) and AM14 VB8R CB.17 mouse strains have been previously
described (32-36). mVV{186.2 Tg mice were maintained on the Jy knockout (KO) strain (37)
to ensure all B cells expressed the IgH Tg, and for specified experiments—additionally on
the Jx KO strain (38)—to enrich the frequency of A* NP-specific B cells. They were given
water with sulfatrim biweekly. C57BL/6 mice were purchased from The Jackson
Laboratory. All animal immunizations and experiments were approved by the Yale
Institutional Animal Care and Use Committee.

Generation of murine memory and naive B cells

For the first microarray screen, gPCR validation, Western blot analysis, and in vitro
experiments, NP-binding memory B cells were generated in mV{186.2 Tg J4 KO mice
immunized i.p. twice with 50 pg of NP,5-chicken gammaglobulin (NP-CGG) precipitated in
alum. Mice were rested a minimum of 12-wk postsecondary immunization to ensure the
exclusion of recently activated B cells and ongoing germinal centers (GCs) (3, 16). Memory
B cells were identified as B220* (4-hydroxy-5-iodo-3-nitropheny-1)acetyl (NIP)-binding
<1OW live lymphocytes. This method yields ~13 million NP-binding B cells per spleen, most
of which were memory cells, as naive mice had only ~2 million NP-binding B cells per
spleen. Naive B cells were identified as B220* NIP-binding " live lymphocytes from
unimmunized mice. For all experiments except the first microarray screen, mVy186.2 mice
crossed onto the Jx KO strain were used to increase the frequency of naive NP-binding cells
from 1 to 3% to ~51% of splenic B cells. In these mice and in subsequent screens, AA4.1*
transitional B cells (39) were excluded from mature naive cells by FACS sorting (see Fig.
2). Thus, naive B cells were identified as B220* NIP-binding AA4.1~ live lymphocytes.

To generate memory B cells for the second microarray screen, splenocytes from mV186.2
Tg Jy KO mice containing 1 x 108 NP-specific B cells were transferred i.v. into AM14
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V x8R double Tg CB.17 mice. Recipient mice were immunized 6 h later, as described above.
In this system, the vast majority of recipient B cells did not respond to the immunizing Ag
due to their usage of the IgH and Igx Tg. The rare population of responding recipient cells
uses the endogenous 1g° H chain and was readily distinguished from donor cells by allotype.
Twelve weeks posttransfer and immunization, NP-specific donor-derived cells B cells
averaged ~3.9 million per spleen in comparison to ~44,000 per spleen in adjuvant-only
treated animals. Thus, in immunized animals, ~1% of NP-specific B cells were naive while
~99% were memory. Memory B cells were purified by flow cytometry as B220* NIP-
binding 1gMP~ live lymphocytes.

Purification and analysis of cells by flow cytometry

Single-cell suspensions of RBC-depleted splenocytes were stained for flow cytometric
analysis as described (33) and analyzed on a FACSCalibur or an LSRII (BD
Immunocytometry Systems). For sorting, a FACSVantage DIVA or FACSAria (BD
Immunocytometry Systems) was used. Live/dead discrimination was accomplished based on
forward/side scatter (FSC/SSC) and ethidium monoazide or propidium iodide (PI) exclusion.
For sorting, cells were kept at 4°C in buffers containing 0.05% sodium azide to minimize
alterations in gene expression. Data were analyzed with FlowJo (Tree Star). Phospho-flow
staining was performed as described (40). A total of 100,000-250,000 events per replicate
were collected.

Magnetic-activated cell sorting

For the first Affymetrix screen, B cells were purified by negative selection by MACS using
anti-Thy1.2/CD90.2 and anti-CD43 biotinylated Abs coupled with streptavidin (SA)-coated
beads and an AutoMACS (Miltenyi Biotec) before staining for flow cytometric analysis and
sorting. For culture experiments, RBC-depleted splenic B cells were purified by negative
selection using the EasySep Mouse B Cell Enrichment magnetic system (StemCell
Technologies) according to the manufacturer's instructions.

FACS Abs and reagents

The following reagents were produced in our laboratory: anti-Thy1.2/CD90.2 (30H12)-biot,
anti-CD43 (S7)-biot, anti-B220/CD45 (RA3-6B2)-Alexa 488, anti-IgMP-biot, anti-x
(187.1)-biot- or Pacific Blue, NIP-allophycocyanin, anti-A-Alexa 647, and anti-FcyR
(24G2). Alexa 488, Pacific Blue, and biotin were obtained from Invitrogen and
allophycocyanin was obtained from ProZyme. The following Abs were purchased: anti-
AA4.1-PE, anti-B220/CD45 (RA3-6B2)-allophycocyanin/Cy7, and mouse 1gG2a
(eBioscience), anti-Adora2a (7F6-G5-A2; Upstate Biotechnology), anti-phospho-Stat3
(Y705)-PE (BD Biosciences), and anti-mouse 1gG2a-PE (Southern Biotechnology
Associates). Additional purchased reagents were SA-PE (eBioscience), SA microbeads
(Miltenyi Biotec), ethidium monoazide (Molecular Probes) and PI (Invitrogen).

Microarray analysis of gene expression

Total RNA was extracted from FACS-sorted B cells using the RNeasy Mini kit with on-
column DNase digestion (Qiagen) and 1-4 ug were used to prepare biotinylated cRNA. For
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the first screen, cRNA was synthesized according to the Affymetrix protocol (41), as
previously described (42). For the second screen, biotinylated cCRNA was synthesized
similarly, but with the Message-Amp aRNA kit (Ambion), according to the manufacturer's
instructions.

A total of 15 pug of labeled cRNA was chemically fragmented at 94°C for 35 min in a 40
mM Tris-acetate (pH 8.1), 100 mM potassium acetate, 30 mM magnesium acetate buffer,
and then hybridized to Affymetrix Mouse 430 2.0 oligonucleotide chips and scanned
according to the manufacturer's protocol (41). The first and second screens were conducted
at the Yale University Keck Facility and the University of Minnesota Biomedical Genomics
Center Facility, respectively.

For the first screen, Affymetrix Microarray Suite (MAS) 4.0 software with default settings
was used to generate relative expression values for each gene. A scaling factor of 1500 was
set to control for minor differences in hybridization intensities. For the second screen,
Affymetrix image files (.cel) were collectively analyzed and background-corrected, and
probe level was normalized and summarized using the GeneChip Robust Multi-Array
algorithm (43, 44). Statistical analysis was performed using Gene-Spring GX software
(Agilent Technologies). Expression flags (first screen) and raw expression value cutoffs
(both screens) were used to identify genes with expression reliably above background; t tests
and fold difference cutoffs were used to identify differentially expressed genes. All
normalized gene expression values and raw .cel data set files are available at
www.ncbi.nlm.nih.gov/geo (accession number GSE11386).

Quantitative PCR

Total RNA was isolated from FACS-sorted naive and twice-immunized VV186.2 NP-
binding B cells using the Qiagen RNeasy system with on-column DNase treatment. First-
strand cDNA was synthesized using random hexamers and mutant Moloney murine
leukemia virus reverse transcriptase (SuperScript 11; Invitrogen), in accordance with the
manufacturer's protocol. Primers were designed according to the Primer-Bank algorithm
(45) when possible and with the Primer3 algorithm (46) otherwise. Primers spanned introns
whenever possible. Each primer pair was validated using melting curve analysis and
detection on an agarose gel. Relative quantification gPCR on replicate samples was
performed with SYBR Green normalized to f-actin. Hot-start amplification was performed
on a Stratagene Mx3000 system with SureStart TagDNA polymerase (Stratagene) using a
passive reference dye and analyzed with MxPro software. Primer sequences, product sizes,
and melting temperatures are detailed in supplemental table la.6 gPCR experiments were
conducted with replicate cDNAs and SEM values were calculated.

Western blot

Cells were lysed in radioimmunoprecipitation buffer with 50 mM sodium fluoride and 50
UM sodium orthovanadate. A modified SDS-PAGE method was used (47). Samples were
boiled, separated in a (5-10%) acrylamide gel and blotted with a semidry apparatus onto

6The online version of this article contains supplemental material.
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polyvinylidene difluoride in 24 mM Tris, 192 mM glycine, 20% methanol. Membranes were
probed with primary Ab in Superblock (Pierce) with 0.1% Tween 20, washed, and incubated
with HRP-conjugated secondary Ab. The presence of Ab was detected using ECL (Western
Lightning Reagent Plus; PerkinElmer). The density of specific bands was quantified and
normalized to actin using ImageJ software (http://rsh. info.nih.gov/ij; Ref. 48). Primary Abs
used were mouse-anti-protein kinase A regulatory subunit 24 (Prkar2b) (BD Pharmingen),
mouse-anti-leukemia inhibitory factor receptor (Lifr; C-19), rabbit-anti-protein kinase C
(PKC) £(C-20; Santa Cruz Biotechnology) and anti-actin-HRP (Santa Cruz Biotechnology).
Secondary Abs were goat anti-mouse 1gG1-HRP (Santa Cruz Biotechnology), goat anti-
rabbit HRP (Southern Biotechnology Associates).

Splenocyte culture

Results

RBC-depleted splenic B cells were purified by negative selection using the EasySep Mouse
B Cell Enrichment magnetic system (see above). B cells were then rested for 2 h at 37°C
with 5% CO> in standard culture medium of complete RPMI 1640 (10 mM HEPES, 50 uM
2-ME, 2 mM c-glutamine) with 10% FetalPlex before stimulation with recombinant mouse
Lif (Chemicon International).

Gene expression in murine naive vs memory B cells

We conducted a microarray-based comparison of gene expression between memory B cells
and their naive precursors. For the first screen, NP-binding memory B cells were generated
as described in Fig. 1 and Materials and Methods. The mV186.2 Tg restricts H chain usage
to IgM and limits affinity maturation. Thus, gene expression differences between memory
and naive populations are not a result of different isotype usage, different BCR specificities,
or widely differing BCR affinities and are more likely to represent intrinsic differences.
Another important advantage of the mV186.2 system is that there is no cytophilic Ab to
confound the identification of rare memory cell populations (49).

For the second screen, memory B cells were generated from NP-specific mV4186.2 B cells
immunized after adoptive transfer into AM14 V x8R double Tg CB.17 recipients (34-36), as
described in Fig. 2 and Materials and Methods. Donor B cells mount a rigorous primary
response and form a stable memory population (Fig. 2). By comparing frequencies of NP-
specific B cells in immunized and alum-treated animals, we estimate the ratio of memory to
naive cells to be 99:1 in this second system, compared with 9:1 in the first system. Naive
NP-binding splenocytes were isolated from unimmunized mVVy{186.2 Tg Jx KO mice (Fig.
2). AA4.1 expression was used to exclude transitional B cells (39). Thus, the purity of
isolated memory and naive B cells in the second screen was superior to the first.

To analyze normalized microarray data, we considered genes that met conservative
guidelines for being expressed. In the first screen, these were genes flagged “present” by
Affymetrix software and that had raw expression values of 2200 in two of three naive or
three of four memory samples. In the second screen, these were genes with raw expression
values of 2125 in three of four naive or memory samples. These cutoffs were chosen to
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minimize false identification of expression differences, though this approach potentially
excludes some truly expressed genes with smaller numbers of transcripts. Because the
second screen used a more sensitive method to amplify cRNA, lower raw value cutoffs were
used. In the first and second screen, respectively, 35% and 33% of total probe sets met
expression criteria and 2.5 and 12.4% were differentially expressed according to the
criterion of the Welch t test, p < 0.05, between the two populations (Table 1), though it
should be noted that these p values are not corrected for multiple comparisons. Of these, 268
and 783 demonstrated =2-fold expression differences between memory and naive B cells in
the first and second screen, respectively. Thus, the second screen was potentially more
sensitive than the first at detecting expression differences.

Of the 90 probe sets with =3-fold differences in expression between naive and memory cells
in the first screen, 83 (92%) also showed significant ( p < 0.05) and parallel expression
differences in the second screen. Of the seven probes sets that were not differently expressed
in the second screen, only two were confirmed by gPCR (data not shown). Thus, the second-
generation screen confirmed the findings of the first.

gPCR validation of predicted mRNA expression differences

To validate the microarray findings, we systematically evaluated the relative expression by
gPCR of genes identified in the first screen as being =3-fold differently expressed between
naive and memory cells. After excluding redundant genes, Ig sequences, most expressed
sequence tags and integrated viral sequences, 63 genes remained for validation by qPCR.
gPCR confirmed 31 of 34 genes (91%) that were up-regulated and 17 of 29 genes (59%) that
were down-regulated among memory B cells (Table I). Expression differences were often
larger by gPCR than Affymetrix. The expression differences found by Affymetrix and gPCR
analysis, plotted as log, values, correlated well with one another (Pearson correlation r =
0.819, Fig. 3). Thus, the microarray analysis generated a reliable data set reflecting
differences between naive and memory cells, particularly for those genes that are up-
regulated among memory cells. Given the increased sensitivity and comparable expression
patterns with the first screen, quoted Affymetrix expression differences hereafter will be
derived from the second screen.

Signal transduction gene expression differences between naive and memory B cells

Of the many gene expression differences between memory B cells and their naive
precursors, there was a striking pattern of differential expression of genes encoding proteins
important in modulating signal transduction. We confirmed the expression of these genes at
the MRNA level by qPCR, and at the protein level by FACS or Western blot when feasible.
MRNA expression differences estimated by microarray and gPCR are summarized in Table
Il and detailed microarray data are in supplemental Table Ib.

Memory B cells up-regulate proteins that initiate adenosine signaling

Signaling through the G-protein coupled receptor (GPCR) adeno-sine receptor A2A
(encoded by the Adora2a gene) plays an important role modulating inflammation (50-52).
We previously demonstrated that CD73, an enzyme that catalyzes the conversion of AMP to
adenosine at the plasma membrane, thus providing ligand for this adenosine receptor (53,
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54), was up-regulated among a subset of memory B cells (3). Microarray data indicated that
Adora2a transcript was also up-regulated in memory cells (Table 11). gPCR confirmed that
Adora2a mRNA was increased 18.2-fold (SEM = 0.895) in memory cells (Table II).
Evaluation of Adora2a protein expression by FACS demonstrated a small but consistent
increase in expression among memory B cells (Fig. 4). Thus, the cellular apparatus for
initiating adenosine signaling via Adora2a is up-regulated by memory B cells.

Memory B cells down-regulate regulator of G-protein signaling (Rgs) protein-encoding

genes

Signaling through the A2a receptor and other GPCRs is down-modulated by Rgs proteins
(55, 56). Our microarray data indicated that the mRNAs encoding several Rgs molecules
were decreased among memory B cells and we confirmed the differential expression of
several of these by gPCR. Rgs1, Rgs2, Rgs10, Rgs12, Rgs13, and Rgs 18 were down-
regulated an average of 5.2-, 1.7-, 3.6-, 3.7-, 1.6-, and 2.2-fold (SEMs 0.068, 0.188, 0.902,
1.14, 0.285, 0.097, respectively) among memory B cells compared with their naive
precursors (Table I1).

Protein kinase A (PKA) regulatory subunit 28 (Prkar2b) is markedly up-regulated among
memory B cells

GPCR activation classically results in cAMP production and PKA activation (57). PKA has
two functionally nonredundant isozymes, PKA-I and PKA-II, defined by the use of specific
regulatory (R) subunits (58, 59). Microarray analysis indicated that the mRNA encoding
Prkar2b was low to absent among naive B cells and markedly up-regulated among memory
B cells (Table I1). gPCR analysis confirmed this finding, demonstrating that Prkar2b mRNA
was 20.6-fold (SEM 0.703) more abundant among memory cells (Table II). There was a
parallel increase in Prkar2b protein expression, as Western blot analysis demonstrated a 64-
kDa band corresponding to Prkar2b protein in memory B cells, while the protein was barely
detectable among naive precursors (Fig. 5). Quantitation of band intensity, after normalizing
for actin expression, indicated that Prkar2b protein was expressed at least 31.4-fold higher
(p = 0.008) among memory B cells.

Functional PKA-I11 protein requires regulatory subunits encoded by both Prkar2a and
Prkar2b (59). By microarray, Prkar2a mRNA was expressed in both naive and memory B
cells and modestly up-regulated in memory cells (Table I1). Thus, both RII regulatory
subunits are up-regulated in memory cells. Because RII levels influence PKA-I expression
and activity and because the outcome of PKA-I and PKA-II signaling oppose one another
(60), we examined expression of mMRNAs encoding RI subunits by microarray (supplemental
Table Ib). Prkarla mRNA was readily detected at equal levels in both naive and memory B
cells. Prkarlb mRNA was low but equal on both B cell populations. Thus, the required
components for cAMP-mediated PKA-I1 but not PKA-I signaling are elevated among
memory B cells.

PKA target specificity is regulated in part by A-kinase anchoring proteins (AKAPs), which
constrain PKA subcellular localization (61, 62). Microarray data indicated that memory B
cells expressed several PKA-II-interacting AKAPs, particularly Akap 2, 8, 9, 10, 11, 13, and
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8L (supplemental Table Ib). Other than Akap13, which was 2-fold more abundant in
memory cells ( p = 0.001), differences in expression between memory and naive B cells
were at best modest.

Memory B cells up-regulate specific PKC isoforms

B cells express several PKC family isoforms that play important and distinct roles in B cell
activation (63). Microarray analysis indicated that the genes encoding two PKC isoforms,
PKC{Z (Prkcz) and PKCy (Prkcc), were up-regulated in memory B cells (Table I1). These
findings were confirmed by qPCR, demonstrating a 3.1-fold (SEM 0.18) and 5.4 (SEM
0.80) elevation in Prkcz and Prkcc mRNA, respectively (Table I1). Western blot analysis
demonstrated that PKC{ was up-regulated an average of 2.9-fold ( p = 0.006) in memory B
cells (Fig. 6).

Memory B cells up-regulate Bmprla mRNA expression

Signaling through bone morphogenic protein receptor 1a (Bmprla) is essential for
embryonic stem cell self-renewal (64) and plays important roles regulating the
differentiation of somatic stem cell populations in tissues such as the hair follicle (65) and
intestine (66). Affymetrix expression analysis indicated that Bmprla mRNA was up-
regulated on memory B cells (Table I1). gPCR comparison demonstrated that memory B
cells expressed 15.0-fold (SEM 1.4) more Bmprla mRNA (Table I1). Bmprla is one of the
most up-regulated mRNAs that we have identified in memory B cells. Due to technical
issues with multiple reagents, we were unable to evaluate Bmprla protein expression by
Western blot.

We determined whether memory B cells expressed the mRNAs encoding required Bmprla
signaling components (67, 68). The mRNA encoding the classic Bmprla coreceptor, Bmpr2,
was amplified by gPCR from mRNA of both naive and memory B cells, despite its low
signal intensity by microarray (Table I1). The Bmprla/Bmpr2 complex signals via receptor
Smads 1/5/8 and subsequent activation of co-Smad4. Smad1 transcript was detectable by
gPCR, despite its relatively low signal intensity by Affymetrix, while Smad5 mRNA
displayed a strong signal intensity by microarray (Table 11). Smad8 (gene name Smad9)
showed low to absent signal intensity by Affymetrix (Table II). Finally, the expression of
co-Smad4 was readily detectable by gPCR at approximately equal levels in memory and
naive B cells (Table I1).

As Bmprla signaling is down-modulated by several signaling components, we determined
whether the transcripts encoding these were differentially expressed by memory cells and
their naive precursors. Bmprlb, which competes with Bmpr1la for interaction with Bmpr2,
does not appear to be expressed by memory B cells, as all three Affymetrix probe sets
demonstrated very low average signal intensities (supplemental Table 1b) and gPCR failed
to amplify product using three separate primer sets. Bmp-induced Smad signaling can be
dampened by inhibitory Smads 6 and 7 (68). Memory cells seemed not to express Smad 6,
as the signal intensity by microarray was quite low (supplemental Table Ib) and we were
unable to amplify a product by gPCR. Smad7 transcript was detectable at equal levels
among memory and naive B cells by qPCR (Table I1). We conclude that the signaling
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apparatus for Bmprla is robustly expressed in memory B cells with the key receptor Bmprla
itself being highly overexpressed at the mRNA level; whereas, there is some but limited
evidence that regulatory elements are also expressed.

Memory B cells up-regulate Lifr expression and are more sensitive to Lifr-induced
signaling than naive B cells

In murine embryonic stem cell populations, signaling through Bmprla and Lifr together
regulates self-renewal and lineage differentiation (64) and Lif signaling appears to be
required for the survival of murine hematopoietic stem cells (69). Microarray data indicated
that the mRNA encoding Lifr was low to absent among naive precursors and dramatically
increased in memory cells (Table I1). gPCR analysis demonstrated an 81.1-fold (SEM 2.1)
elevation in Lifr expression among memory B cells, the largest mRNA expression difference
between memory and naive cells we have identified (Table II).

To determine whether this increase in mRNA expression was accompanied by an increase in
protein expression, lysates from sorted naive and memory B cells were analyzed by Western
blot. Naive B cells demonstrated little expression of the 190-kDa Lifr protein, whereas it
was readily apparent in memory B cell lysates (Fig. 7A). Normalizing to actin, Lifr
expression averaged 41.7-fold more ( p = 0.0018) in memory cells compared with naive.

To test whether elevated Lifr expression renders memory B cells more sensitive to Lifr
activation, primary naive and memory splenic B cells were cultured with Lifr agonists.
Canonical Lifr signaling is through the Jak/Stat3 pathway (70, 71). Therefore, at intervals
following stimulation, cells were fixed, permeabilized, and stained to detect phosphorylation
of Stat3 via flow cytometry.

At baseline, unstimulated naive and memory B cells demonstrated approximately equal
levels of phosphorylated Stat3 (Fig. 7). Memory B cells, but not their naive precursors,
showed a definite increase in Stat3 phosphorylation following Lifr stimulation. This
phosphorylation was apparent following stimulation with either Lif (1 or 10 ng/ml, Fig. 7) or
the related Lifr agonist cytokine, cardiotrophin-like cytokine factor 1 (Clcf1, also known as
Nnt-1/ Bsf-3, 50 ng/ml; data not shown). The increase in Stat3 phosphor-ylation was dose-
dependent, as the response to 10 ng/ml Lif was more robust than 0.1 or 1 ng/ml Lif (Fig. 7)
and was most pronounced 15 min poststimulation (Fig. 7). Overall, the mean fold increase in
phosphorylated Stat3 among memory cells was 1.8-fold + 0.49 ( p < 0.001) when stimulated
with 10 ng/ml Lif for 15 min (Fig. 7). In contrast to memory B cells, naive B cells showed
low to absent Lif-induced Stat3 phosphorylation. Therefore, the increased expression of Lifr
expression among memory B cells is accompanied by an increased sensitivity to Lifr-
induced signal transduction.

Comparison with previously published microarray data

There is one previously published global gene expression comparison of B cells from naive
and immunized mice (24). This study isolated IgG* NP-reactive splenic B cells from
immune wild-type C57BL/6 mice. A major distinction between this approach and ours was
that the number of cells isolated was very low (500-2000 per spleen), necessitating two
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rounds of RNA amplification. Furthermore, the Statistical Analysis of Microarray algorithm
(72) was used to compare expression of genes with raw expression values >20. We directly
compared the list of genes differentially expressed >2-fold between memory and naive B
cells in this study with ours and found definite similarities (Fig. 8). Thirty-six and 26% of
probe sets up- and down-regulated, respectively, =2-fold in our memory cells were also up-
or down-regulated =2-fold in this previous analysis. The nonrandom overlap in our findings
(%2 test p < 0.0001 each for both up- and down-regulated genes) supports the presumption
that we are both studying similar cells and confirms that “memory B cells” from our systems
display many expression changes found among class-switched B cells from previously
immunized wild-type animals.

Despite these similarities, the differences between our expression findings were greater than
the similarities. We identified 229 and 313 probe sets up- and down-regulated among
memory cells, respectively, that were not identified by the prior study. Importantly, many of
the differentially expressed genes that we confirmed at the mRNA and protein levels and
most that are the focus of this manuscript were identified only in our data sets. Conversely,
of probe sets identified as up- or down-regulated in this previous analysis, 93 and 89%,
respectively, were not similarly differentially expressed among our memory and naive
populations. These discrepancies are likely due to a combination of false positives in their
set, false negatives in ours, and intrinsic differences (such as 1gG isotype) in the specific
memory populations being studied. It was difficult to assess directly the influence of false
positives in this other analysis, however, as there was relatively little confirmation of
expression findings. The differential expression of three genes (CD80, CD62L, and Ccr6)
was confirmed at the protein level by FACS and it appears that g°PCR confirmation was
done for only approximately five differentially expressed genes.

Starting with the raw data, we next conducted a new comparison of the two data sets using
the normalization and statistical filtering algorithm described above for our second-
generation analysis. The two data sets demonstrated similar numbers of probe sets with 2-
fold differences in expression. However, using the Benjamini and Hochberg false-discovery
rate calculation to limit the expected false positive rate to 5%, only 64 probe sets were
identified as differentially expressed in the Bhattacharya et al. (24) data, regardless of fold
change, compared with 2927 in ours. Furthermore, at the 2-fold level of differential
expression, excluding 1gG-encoding mRNAs, this represented only 38 genes. This striking
difference in sensitivity suggests that there is significantly more variability between
replicates in this other data set compared with ours. Indeed, Pearson's correlation around
zero between our replicates averaged 0.874 and 0.875 for naive and memory, respectively,
vs 0.623 and 0.619 in the other data set. Overall, we conclude that the two data sets are
complementary in some ways, but statistical and methodological considerations indicate that
the ones we report here are likely to be more reliable and have been validated to a
substantially greater extent.

Discussion

It has long been presumed that memory B cells function differently from their precursors.
However, functional differences remain poorly described, and there is little molecular
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understanding of how memory and naive B cells might differ in their functions. A better
understanding of murine memory B cell properties is important because only in mice is it
practical to test the roles of individual proteins by genetic means and to perform in vivo
functional experiments. This report presents valuable data sets that offer molecular and
functional clues to the nature of inherent differences between murine naive and memory B
cells.

The utility of any large-scale expression screen depends to a great degree on the integrity of
the data and analysis. We have taken several approaches to ensure that the data presented
here are reliable. Memory and naive B cells were derived from two unique and validated
systems. One system was previously published (19, 25) and the other is presented here. In
these systems, we have shown that multiple surface markers are expressed in the same way
as in wild-type memory cells generated in B6 mice (Refs. 11 and 12 and our unpublished
data). These systems enabled the isolation of much larger quantities of more highly purified
naive and memory B cells than would have been possible from wild-type mice. The large
number of cells allowed the synthesis of RNA probes without secondary rounds of
amplification, which can introduce artifactual biases. Within each screen, we performed
multiple biological replicates and demonstrated that their expression profiles correlated
highly with one another. Thus, we were able to use a conservative approach to evaluate the
data.

We confirmed the expression differences of nearly 100 genes with gPCR. In a systematic
evaluation of our first generation screen, qPCR data confirmed the up-regulation of 31 of 34
and down-regulation of 17 of 29 genes predicted to be differentially expressed by =>3-fold.
We also extended beyond the initial microarray screens to investigate expression by gPCR
of multiple key genes involved in relevant signaling pathways. Because there is sometimes a
lack of correlation between expression at the mRNA and protein levels, demonstration of
alteration of expression at the protein level remains the gold standard for predicting
functional outcomes. For the sighaling molecules we focused on, in some cases, we could
not find suitable reagents. However, we confirmed the up-regulation at the protein level of
four of the major genes we focused on (Adora2a, Prkar2b, Prkcz, and Lifr). Lastly, we used
phospho-flow analysis to demonstrate that the up-regulation of Lifr imparts differential
memory cell function.

To date, there is one other published data set comparing global gene expression between
murine memory and naive B cells (24). Like most of studies of B cell memory in the mouse,
this study used class-switch as a proxy to identify memory B cells in immunized wild-type
animals, and hence was limited by small cell numbers, requiring extensive probe
amplification and presumably limiting ability to verify putative differences. Although there
is nonrandom overlap between genes identified in the two studies, indicating that both are
examining similar cells, and despite the large list of differentially expressed genes generated
by Bhattacharya et al. (24), most of these genes were not identified in our analysis. Some of
these discrepancies could be due to differences in IgM vs 1IgG memory cells or strain
differences between C57BL/6 and BALB/c. However, it is also likely that this other data set
has more false positives, due to a combination of second-round amplification of rare RNAs,
and from abundant mRNAs expressed by contaminating cells that are relatively
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overrepresented among rare flow cytometry purified populations. Such contamination of
rare memory populations with recently activated cells may be an explanation for why
expression of Aicda mMRNA was found to be up-regulated by Bhattacharya et al. (24) but in
our data set it was, if anything, decreased in memory cells compared with naive (5.2-fold
decreased, p = 0.26). Aicda expression is highly up-regulated in activated GC cells (73),
which are a likely contaminant of rare cell sorting to isolate memory cells in wild-type mice,
particularly in the absence of a marker to exclude GC cells (16). Consistent with low
activation-induced deaminase expression in memory B cells, we recently showed that
memory B cells do not accumulate mutations between weeks 12 and >24 postimmunization
(3). Perhaps more importantly, analysis of our data reveled many differentially expressed
genes that were not identified in this other study—including Adora2a, Prkar2b, and Lifr—
that we confirmed at the mRNA, protein, or functional levels.

Overall, gene expression in memory B cells and their naive precursors is much more similar
than different, in agreement with other studies comparing naive and memory B cells from
humans and mice (3, 8, 24, 30). Nonetheless, the absolute number of genes that we
identified as being differentially expressed is quite large. Therefore, there are many potential
directions that could be pursued further. Our analysis revealed a number of genes that
function in signaling, suggesting that compared with their precursors, memory B cells are
rewired to react to environmental cues differently from naive cells. We have focused on
more in-depth analysis of such genes.

Memory B cells up-regulate the ectoenzyme CD73, which catalyzes the conversion of
extracellular AMP to adenosine, thus providing a ligand for the adenosine receptor Adora2a
(53, 54). Adora2a is a GPCR which signals via adenyl cyclase to generate cAMP and
activate PKA (74). Adora2a signaling inhibits inflammation in conditions such as endotoxic
shock (50, 75, 76). Adora2a activation also attenuates TCR-mediated T cell activation (77).
The role of Adora2a signaling in B cells has been little studied, but there is evidence that
adenosine signaling and resultant PKA activation suppress BCR-mediated NF-xB activation
(78). Together, these findings suggest that memory B cells may use adenosine signaling to
dampen responses to antigenic stimulation in comparison to naive B cells and via CD73,
generate adenosine that could regulate other cells in trans. This will need to be addressed in
the future using genetic approaches.

The down-regulation in memory B cells of mMRNASs encoding several Rgs proteins suggests
that the response to GPCR ligand binding, including adenosine, should be quantitatively
enhanced in memory compared with naive B cells. As chemokine receptors are GPCRs,
another functional consequence of Rgs down-regulation expression may be to alter memory
B cell migration. Rgsland Rgs13 are both up-regulated among GC B cells (79, 80) and
influence B cell migration to Cxcl12 and Cxcl13 (80-82). Studies in KO mice indicate that
Rgs1 expression may be important for migration of cells out of the GC (82). Rgs proteins
likely modulate other signaling events in memory cells as well.

The striking up-regulation of the PKA regulatory subunit 24in memory B cells strongly
suggests that response to GPCR ligand binding would preferentially activate PKA-I1 rather
than PKA-I in memory B cells. PKA-1 and PKA-I1 isozymes have identical catalytic
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subunits but distinct regulatory (R1 vs RII) subunits (58, 59). These isozymes affect
opposing downstream signaling events, and overexpression of RII suppresses Rl expression
and resultant PKA-I activity (83-85). In several systems, PKA-II activity induces
differentiation, while PKA-I activity induces proliferation (reviewed in Ref. 60). It is thus
possible that via preferential signaling through PKA-11 vs PKA-I, memory and naive B cells
mount divergent responses, such as Ab-forming cell differentiation vs proliferation, to
identical stimulation.

Memory B cells up-regulate two PKC isoforms, PCKyand PKCZ Interestingly, PKCZis
also a target of PKA (86). It is well-established that PKC function is important in B
lymphocytes (reviewed in Ref. 63). B cells express multiple PKC isoforms, most of which
have been demonstrated to be activated upon BCR engagement, but precisely how their
expression and function differs across B cell development has not been established (63).
PKCpis part of the BCR signalosome and is required for BCR-initiated NF-xB signaling
while PKCS regulates B cell tolerance (63). The roles of PKCyand PKC{'in particular are
not well-studied, most likely because naive B cells do not express these proteins at high
levels. PKC{' KO mice have delayed development of B cell follicles in secondary lymphoid
organs (87) and demonstrate impaired T-dependent Ab responses, although they do make
GCs (88). PKCy KO mice do not have apparent B lymphocyte defects (89, 90).

In contrast to their naive precursors, memory cells are longer-lived and self-renew (19).
They also undergo asymmetrical differentiation. Thus, memory cells have properties similar
to secondary stem cells, a concept also suggested by others (4, 27, 91). This notion is
strongly supported by the discovery of striking overexpression of Lifr and Bmprla in
memory B cells, given the importance of these proteins in maintaining the homeostatic
proliferative state of various stem cell populations (64-66, 69, 92-95). It is intriguing to
speculate that Bmprla and Lifr serve a similar function in memory B cells. Particularly
important in this regard is the finding that memory B cells, but not naive B cells, respond to
Lifr ligands in vitro. Establishing the role that Lifr and Bmprla play in memory B cell
survival in vivo, maintenance, and differentiation potential will require complicated genetic
approaches, but this work is underway.

In conclusion, our analysis has revealed a number of unsuspected differences between
memory and naive B cells. Memory B cells appear programmed to conduct adenosine,
GPCR, PKA, PKC, Bmprla, and Lifr signaling differently than naive B cells. Such findings
highlight the power and strength of taking an unbiased approach in the exploratory phase of
uncovering fundamental differences between developmentally related cells. Even within the
signaling realm that is the focus of this article, there are many more potential directions than
we can possibly follow. Therefore, it is important to realize that these findings open many
new avenues of investigation for a variety of investigators interested in signaling pathways
and/or B cell immune responses. In this and other respects, our gene expression data sets
make unique and important contributions to the study of B cell biology and signaling.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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FIGURE 1.

Isolation of memory and naive B cells for the first-generation Affymetrix screen. A, A
schematic depicting the strain of mice and immunization strategy used to generate naive and
memory B cells. Naive B cells were purified from spleens of unimmunized 6- to 8-wk-old
mVy186.2 Tg J4 KO mice. Memory B cells were isolated from spleens of mice 12-28 wk
postsecondary immunization with 50 pg of NP»5-CGG in alum i.p. B, Representative plots,
gating strategies, and population frequencies for memory (top) and naive (bottom) FACS
sorts. Splenic B cells were first purified by negative selection using anti-Thy1.2 and -CD43
by AutoMACS (Miltenyi Biotec) and subsequently stained and sorted with a FACSVantage
(BD Biosciences). Live lymphocytes were gated by FSC and SSC profiles and by PI
exclusion (data not shown) then B220* (left) and subsequently NIP-binding «!°%/n¢d (right)
B cells were sorted. C, Postsort purities of memory (top) and naive (bottom) cells among all
live cells are shown. D, An overview of the microarray approach. Differences between the
first and second Affymetrix screens are highlighted in bold.
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FIGURE 2.

Isolation of memory and naive B cells for the second-generation Affymetrix screen. A,
Schematic of use of cell transfer to generate Ag-specific memory B cells in the absence of
newly generated naive precursors. B, Sorting strategy. Splenocytes were stained and single,
live B lymphocytes were gated by FSC and SSC profiles and PI exclusion (data not shown).
B220* NIP-binding B cells lacking IgMP (the recipient allotype) were gated as shown.
Percentages of the parental population are indicated. Presort, live B cells are shown;
postsort, all live cells are shown. For comparison, plots are shown from a control animal
given donor mV{186.2 splenocytes and immunized with alum alone and in a nontransferred
recipient immunized with NP,5-CGG. NP-binding B cells were negligible in control mice.
C, Naive B cells were purified from spleens of unimmunized 8-wk-old female mV186.2
Tg J4 KO Jx KO mice. Single, live B lymphocytes were gated by FSC and SSC profiles, Pl
exclusion, and anti-B220-binding on a FACSAria. AA4.1~ NIP-binding cells were sorted.
D, Overview of the microarray approach. Differences between this and the first Affymetrix
screens (Fig. 1) are shown in bold.
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FIGURE 3.
Correlation between Affymetrix and qPCR determinations of differential gene expression.

Logy values of fold differences in mMRNA levels (memory/naive) determined by the first
Affymetrix screen and by gPCR are compared. Each point represents an individual gene that
was identified in the first Affymetrix screen as differentially expressed between memory and
naive B cells with a Welch t test p < 0.05 and a fold difference =3. The Pearson's correlation
coefficient was 0.835.
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FIGURE 4.
Expression of the adenosine receptor A2A protein is elevated among memory B cells.

Surface expression of the adenosine receptor A2A was compared by flow cytometry in
memory and naive B cells. Naive splenic B cells were from unimmunized mVy186.2 Tg Jy
KO Jx KO mice. In the top histogram, memory cells were from mV{186.2 Tg Jy KO mice
>12-wk postsecondary immunization with NP,5-CGG (system 1). In the bottom histogram,
memory B cells were derived from NP-specific B cells from mV{186.2 Jy KO Jx KO
donors after transfer into AM14 Tg V«8R Tg CB.17 recipients and subsequent
immunization (system 2). Shown are live lymphocyte-gated B220* NP-binding !oW/neg B
lymphocytes. Expression among memory B cells is shown in dark black and naive in gray.
Isotype control stain is shaded. Shown are representative plots from four (system 1) and two
(system 2) mice.
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PKA RIIB

Actin

Expression of the protein kinase A regulatory subunit 115 (PKA RI1/) is up-regulated in
memory B cells. Protein expression of PKA RIl£and actin were compared in memory and
naive B cells by Western blot analysis. Naive B cells were generated and FACS purified as
described in Fig. 2. Memory B cells were generated and purified as in Fig. 1, omitting the
MACS presorting step. Shown is a representative blot of two mice, from a total of five each

of naive (N) and memory (M) mice.
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PKCC

Actin

Expression of the protein kinase C ' (PKC ¢) is up-regulated in memory B cells. Protein
expression of PKC ¢'and actin were compared in memory (M) and naive (N) B cells by
Western blot analysis. Naive B cells were purified from spleens of unimmunized mV186.2
Tg Jy KO Jx KO mice. To analyze memory B cells, total B cells, of which ~15% are NP-
binding memory B cells, were purified from spleens of mVV{186.2 Tg Jy KO mice >12-wk
postsecondary immunization with NP,5-CGG in alum i.p. B cells were isolated by negative
selection using the EasySep magnetic separation system. Thus, this level of expression
underrepresents by as much as a factor of 6 the expression that would be seen in 100% pure
memory cells. Each lane represents cells purified from an individual mouse.
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FIGURE 7.
Memory B cells up-regulate Lifr and phosphorylate Stat3 in response to Lif stimulation

more robustly than do naive B cells. A, Protein expression of Lifr and actin were compared
in memory and naive B cells by Western blot analysis, as described in Fig. 5. Each lane
represents cells from an individual mouse. Data are representative of findings in five mice of
each type. B-D, Splenocytes from 6- to 10-wk-old naive mVQ{186.2 J4uD KO Jx KO mice or
mVy186.2 Tg J4D KO mice 15-20 wk postsecondary immunization with NP-CGG in alum
i.p. were rested in culture for 2 h at 37°C in standard medium of RPMI 1640 with 10%
FetalPlex and then stimulated with 1 ng/ml (B), 0.1, 1, or 10 ng/ml (C) or 10 ng/ml (D)
mouse Lif for 0, 15, or 30 min. Cells were then fixed with 1.6% PFA, methanol
permeabilized, and stained with PE-anti-phospho-Stat3 or PE-mouse 1gG2a isotype control.
Shown are data from live-gated (by FSC and SSC) B220* 1* B cells. B, Representative
FACS plots of changing P-Stat3 levels. C, Lif-induced P-Stat3 dose-response curves of
memory and naive B cells. P-Stat3 levels are plotted as isotype control-corrected median
fluorescent intensities (MFIs). D, For memory (Mem) and naive (Nve) B cells, change in
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phosphorylated Stat3 or isotype control (IC) staining intensity between 0 and 15 min is
shown.
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FIGURE 8.

Venn diagram of genes identified by Bhattacharya et al. (24) and this study. The
Bhattacharya et al. (24) lists of genes expressed =2-fold differently between naive and
memory B cells were taken directly from the published manuscript. The lists labeled
“Tomayko et al.” were generated from the second-generation microarray screen as described
in Table I, using a 2-fold memory vs naive cutoff. Bolded numbers indicate numbers of
Affymetrix probe sets found in one vs both lists. Select specific genes discussed in either
manuscript are included. Italicized genes in the Bhattacharya et al. only list had a trend
toward similar expression in our data set (Ccr6, Rgs18) or have been previously
demonstrated by us to be differentially expressed among memory and naive B cells at the
protein level by FACS (CD62L) (3, 25). For genes found only in the Bhattacharya et al. list,
corresponding average fold-differences and Student's t test p values for the Tomayko et al.
data are listed (raw data are detailed in supplemental Table Ib). For genes with multiple
probe sets, all fold values were averaged, except for Bcl2, MII3, and Tcf4, in which case
only probe sets with p values <0.05 were considered.
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Memory and naive B cell gene expression differences detected by Affymetrix-based profiling

Table |

1st Screen

2nd Screen

Probes or Genes

Probes or Genes

Statistical Filtering Probes M >N N>M Probes M>N N>M
Total 45,101 45,101
Expression above backgrounda 15,677 15,036
ttest p < 0.05 1,144 5,586
21.5-fold probes 652 203 449 1682 731 951
>2-fold probes 268 119 149 783 358 425
>3-fold probes 90 55 35 313 167 146
=3-fold genes 36 29

gPCR confirmed genes (of 3-fold list) 31/34 17/29
24-fold probes 54 39 15 180 108 72

Page 30

a_. . . . . .
First screen: flagged present and raw signal intensity = 200 in at least two of three naive or three of four memory samples. Second screen: raw

signal intensity = 125 in at least three of four naive or three of four memory samples.
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Table Il
Summary of mRNA expression of key genes
qPCR Microarray

Gene AverageFold (M/N) SEM Average Fold (M /N)a D Valueb
Adora2a 18.15 0.90 4.83 <0.001
5.71 <0.001

Bmprila 14.96 1.43 212 0.018
2.56 0.006

2.63 0.013

Bmprilb No product 1.01 0.800
1.13 0.124

1.01 0.960

Bmpr2 1/1.27 0.21 1/1.30 0.560
Lifr 81.08 211 25.40 0.001
Prkar2a ND 1.82 <0.001
1.69 <0.001

Prkar2b 20.65 0.70 21.83 <0.001
39.86 <0.001

34.83 <0.001

Prkcc 5.37 0.80 14.28 <0.001
30.84 <0.001

Prkcz 3.14 0.18 3.62 0.001
6.38 <0.001

Rgsl 1/5.17 0.07 1/1.55 0.082
Rgs10 1/3.57 0.90 1/7.28 <0.001
Rgs12 1/3.65 1.14 1/1.96 0.001
Rgs13 1/1.64 0.29 1/2.29 <0.001
Rgs18 1/2.22 0.10 1/1.62 0.001
1/1.69 0.001

Rgs2 1/1.74 0.19 1/3.63 <0.001
1/3.30 <0.001

Smadl 1.40 0.15 1/1.99 0.002
1.02 0.204

1/1.28 0.057

Smad4 1.54 0.16 1.07 0.150
1/1.15 0.066

1/1.05 0.276

Smad5 ND 1/1.09 0.091
Smad6 No product 1.01 0.656
Smad7 1.08 0.14 1/1.69 <0.001
1/1.65 0.001

Smad9 (8) ND 1.02 0.090
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a . . . .
Multiple microarray values represent different Affymetrix probe sets for the same gene.

bStuden'('s t test.
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