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Germinal centers (GCs) are the sites where memory B cells and plasma cells producing high-
affinity antibodies are generated during T cell-dependent immune responses. The molecular
control of GC B cell maintenance and differentiation remains incompletely understood.
Activation of the NF-kB signaling pathway has been implicated; however, the distinct roles
of the individual NF-kB transcription factor subunits are unknown. We report that GC

B cell-specific deletion of the NF-kB subunits c-REL or RELA, which are both activated by
the canonical NF-kB pathway, abolished the generation of high-affinity B cells via differ-
ent mechanisms acting at distinct stages during the GC reaction. c-REL deficiency led to
the collapse of established GCs immediately after the formation of dark and light zones at
day 7 of the GC reaction and was associated with the failure to activate a metabolic pro-
gram that promotes cell growth. Conversely, RELA was dispensable for GC maintenance but
essential for the development of GC-derived plasma cells due to impaired up-regulation

of BLIMP1. These results indicate that activation of the canonical NF-kB pathway in GC

B cells controls GC maintenance and differentiation through distinct transcription factor
subunits. Our findings have implications for the role of NF-kB in GC lymphomagenesis.

B cells with high specificity to T cell-dependent
antigens are generated in the germinal center
(GC) reaction, where their antibody genes
are modified by somatic hypermutation. GC
B cells with improved antigen affinity are se-
lected and undergo further rounds of hyper-
mutation, or differentiate into plasma cells or
memory B cells expressing high-affinity anti-
bodies (MacLennan, 1994; Rajewsky, 1996). The
GC microenvironmentislargely compartmental-
ized (Allen et al., 2007;Victora and Nussenzweig,
2012), resulting in effective GC responses
(Bannard et al., 2013; Gitlin et al., 2014). Somatic
hypermutation primarily occurs in centroblasts
which localize in the dark zone of the GC. In
the GC light zone, the descendants of centro-
blasts, the centrocytes, are subjected to selection
for improved antigen binding and eventually
differentiation. Consequently, centrocytes un-
dergo marked changes in their transcriptional
program, including the down-regulation of the
transcriptional repressor BCLO, the master regu-
lator of GC formation, and the activation of the
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transcription factors IRF4 and BLIMP1 (prdm1),
which have key functions in class-switch re-
combination and/or plasma cell differentiation
(Klein and Dalla-Favera, 2008). An important
role for NF-kB signaling during the GC reac-
tion has been implicated based on its specific
activation pattern in GC B cells (see below).
Ligation of a range of cell surface receptors
results in activation of the NF-kB signaling path-
way, which is commonly associated with cell
growth and survival, and occurs via two differ-
ent routes, the canonical and the alternative path-
ways, each mediated by specific NF-kB subunits
that occur as hetero- or homodimers (Hayden
and Ghosh, 2004; Vallabhapurapu and Karin,
2009). RELA (p65), c-REL, and p50 compose
the subunits of the canonical NF-kB pathway,
and the major heterodimers are RELA/p50 and
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Figure 1. Generation of mice with con-
ditional deletion of rela or rel in GC B cells
and simultaneous expression of eGFP.
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c-REL/p50. The subunits of the alternative NF-kB pathway
are RELB and p52, which occur in heterodimeric form. Only
c-REL, RELA, and RELB are able to drive transcription of
target genes upon nuclear translocation due to the presence of
a transactivation domain.

Studies in humans, somewhat unexpectedly, have shown that
the vast majority of GC B cells are not subjected to NF-kB sig-
naling (Shaffer et al.,2001; Basso et al., 2004). A subset of centro-
cytes, however, does show nuclear translocation of the canonical
subunits RELA, c-REL, and p50 (Basso et al., 2004). One possi-
ble function of this activation process is suggested by the observa-
tion made in human cell lines that CD40-mediated NF-«kB
activation results in the expression of IRF4, which in turn re-
presses the bcl6 gene, thus extinguishing the GC program (Saito
et al., 2007). The analysis of the in vivo function of NF-«kB tran-
scription factors in GC B cell development has been hampered
by the circumstance that the individual NF-kB subunits have im-
portant roles before the GC reaction (Gerondakis and Siebenlist,
2010; Kaileh and Sen, 2012), revealing a biphasic activation pat-
tern of the canonical NF-kB subunits in T-dependent B cell re-
sponses. For example, the analysis of rel (c-REL) knockout mice
has demonstrated that both B and T cells require ¢c-REL for
their activation in vitro (Kontgen et al., 1995; Tumang et al.,
1998), suggesting that this subunit is essential for the B cell
activation step that precedes GC formation, and RELA (rela)
deficiency causes embryonic lethality (Beg et al., 1995). There-
fore, the in vivo functions of the canonical NF-kB subunits in
GC B cells cannot be investigated with existing knockout mice.

Understanding the functions of NF-kB subunits in GC
B cell differentiation is highly relevant because constitutive
activation of NF-kB signaling due to genetic mutations has
recently been implicated in the pathogenesis of several
GC-derived B cell lymphoma subtypes (Lenz et al., 2008;
Compagno et al.,2009; Kato et al., 2009; Schmitz et al., 2009),
identifying NF-kB as a critical player in GC-lymphomagenesis
(Shaffer et al., 2012). Of note, evidence suggests a predom-
inant activation of either c-REL or RELA in particular
lymphoma subtypes.
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To investigate the specific functions of c-REL and RELA
in GC B cell development, we have generated mice in which
rel and rela can be conditionally deleted in GC B cells. We
show that both c-REL and RELA are required for the com-
pletion of the GC B cell reaction, although at distinct devel-
opmental stages and via different mechanisms. c-REL 1is
required for the maintenance of the GC reaction, whereas
RELA is required during the GC exit.

RESULTS

Conditional deletion of rela and rel in GC B cells

To determine the in vivo role of RELA and c-REL in GC
B cell development, we generated transgenic mouse strains
carrying loxP-flanked alleles of rela or rel, respectively, and
crossed these mice to mice expressing Cre recombinase in
B cells activated upon T cell-dependent immunization (Cy1-
Cre; Casola et al., 2006). The promoter regions and the
exons encoding the translational start site of rela and rel were
flanked by loxP sites to allow the creation of a null allele upon
Cre-mediated recombination of loxP sites (Fig. 1, A and B;
Fig. S1, A and D). To enable tracking of RELA or c-REL—
deficient cells, a gene encoding enhanced GFP (eGFP) was
placed in the opposite orientation upstream of the rela and rel
promoter region, similar to a strategy previously used for the
conditional deletion of the irf4 gene (Klein et al., 2006).
Expression of eGFP after Cre-mediated recombination is
achieved by juxtaposition of a mouse phosphoglycerate ki-
nase promoter (placed in intron 1 of rela or rel) to the eGFP
cassette (Fig. 1, A and B; Fig. S1, A and D). Correctly tar-
geted embryonic stem cell lines were identified by Southern
blot analysis, and germline transmission of the conditional rela
and rel alleles was confirmed (Fig. S1, A and D). An inde-
pendently generated rela conditional mouse line has been de-
scribed previously (p65%* mice; Luedde et al., 2008).

The functionality of the newly generated floxed rela
and rel alleles was confirmed by crossing the alleles to mice
carrying a Cre-recombinase specifically expressed in B cells
(CD19-Cre). Deletion of the loxP-flanked alleles together
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Figure 2. Rela is dispensable for GC formation and affinity matu-
ration. rela"Cy1-Cre, rela+Cy1-Cre, and Cy1-Cre mice were immu-
nized with SRBC (A and B) or NP-KLH (C) and analyzed 14 d later.

(A) CD95, PNA, and eGFP expression by splenic B cells from mice of the
corresponding genotypes were analyzed by flow cytometry. Numbers
above gates indicate the percentage of CD95MPNA" (dot plots) or
eGFP+CD95"PNA" (histograms) GC B cells. (Right) Data are cumulative
from two experiments with 5-7 mice per genotype, with each symbol
representing a mouse. Data are shown as mean + SD. Statistical signifi-
cance was determined by Student's t test. (B) Spleen sections from mice
of the corresponding genotypes were analyzed for the expression of BCL6
and IgG1 or IgM; IgG1 stainings were counterstained with hematoxylin.
One representative mouse out of three per group is shown. Bar, 300 pm.
(C) Summary of sequence analysis of V186.2 y1 transcripts amplified
from eGFP+ B cells purified from three rela™fCy1-Cre and four relaf*
Cy1-Cre mice 14 d after immunization with NP-KLH. n indicates number
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with simultaneous activation of eGFP expression upon Cre-
mediated recombination was observed via PCR and flow
cytometric analysis for eGFP expression in the majority of
B cells of mice homo- or heterozygous for the floxed allele
(Fig. 1, C and D; and Fig. S1, B, C, and E). Of note, bi- and
monoallelically deleted cells could be distinguished by their
eGFP mean fluorescence. Western blot analysis confirmed
that biallelically deleted B cells from rela and rel conditional
mice had strongly reduced amounts of RELA or c-REL pro-
tein (Fig. 1, E and F, top), with the remaining protein likely
to be derived from nondeleted (eGFP~) B cells as a result of
incomplete Cre-mediated deletion (Fig. 1, C and D). This
was confirmed by Western analysis for RELA and ¢-REL
protein expression on purified eGFP* B cells, demonstrating
that eGFP* B cells from re/#CD19-Cre and relad®"CD19-
Cre mice do not produce c-REL or RELA protein, respectively
(Fig. 1, E and E bottom). In the un-rearranged configuration,
the conditional rela and rel alleles produced physiological
amounts of RELA and ¢-REL protein, respectively (Fig. 1,
E and F; and Fig. S1 F).

Rela is dispensable for GC formation and affinity maturation
To determine how ablation of the canonical NF-kB subunit
RELA in GC B cells affects GC B cell development, relaf
Cvy1-Cre, relad*Cy1-Cre, and rela™’*Cy1-Cre (henceforth
referred to as Cy1-Cre) control mice were immunized with
the T cell-dependent antigen sheep RBCs (SRBCs) which
elicits a robust GC response. 14 d after immunization, the
fraction of splenic CD95"PNAM GC B cells in rela®fCy1-
Cre mice did not significantly differ from Cy1-Cre and rela*
Cvy1-Cre mice (Fig. 2 A). Accordingly, histological analysis
of spleen sections demonstrated robust formation of BCL6*
GC:s (Fig. 2 B). Moreover, the fractions of eGFP™ GC B cells in
rela®'Cy1-Cre and rela®*Cy1-Cre mice were similar (Fig.2 A)
and were equally distributed among the centroblast and cen-
trocyte compartments of the GC as defined by Victora et al.
(2010; not depicted).

We then investigated the generation of high-affinity
B cells during the GC reaction in rela®iCy1-Cre mice by im-
munization with the hapten NP (4-hydroxy-3-nitrophenyl-
acetyl) coupled to a carrier protein (keyhole limpet hemocyanin
[KLH]), which allows the analysis of antigen-specific immune
responses at the level of somatic hypermutation, as described pre-
viously (Klein et al., 2006). Sequence analysis of V;186.2-Cy1
transcripts amplified from eGFP* splenic B cells isolated by
flow cytometry from rela®Cy1-Cre and rela’’*Cy1-Cre mice
14 d after NP-KLH immunization showed that there was no
significant difference in the percentage of rearrangements car-
rying a tryptophan-to-leucine substitution at position 33
(P =0.07, Fisher’s exact probability test; P = 0.09, Chi-Square
test of association), which leads to a 10-fold increase in antibody

of clones analyzed. Pie charts: fraction of clones with the number of mu-
tations indicated and percentage of clones with (black) or without (white)
Trp-Leu amino acid exchange at position 33.
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Figure 3. Rela is required for the generation of GC-derived plasma cells. (A-C) rela™Cy1-Cre, rela®+Cy1-Cre, and Cy1-Cre mice were immunized
with SRBC (A) or NP-KLH (B and C) and analyzed 14 or 28 d later. (A) CD138 and eGFP expression by splenic mononuclear cells from mice of the corre-
sponding genotypes were analyzed by flow cytometry. Numbers below gates indicate the percentage of CD138MeGFP+ or CD138"eGFP~ cells. (Right) Data
are cumulative from two experiments with 5-7 mice per genotype, with each symbol representing a mouse. Data are shown as mean + SD. Statistical sig-
nificance was determined by Student's t test (¥, P < 0.05). (B) Serum response to NP-KLH immunization before (Pre), 12 d after primary (Primary), and 7 d
after secondary (Boost) immunization with NP-KLH (top). Ratio of anti-NP, to anti-NP,s IgG1 antibodies (bottom). Data are cumulative from two experi-
ments with 5 mice per genotype, with each symbol representing a mouse. Data are shown as mean + standard deviation. Statistical significance was
determined by Student's t test (¥, P < 0.05; **, P < 0.01). (C) Elispot analysis for NP-specific IgG1 ASCs in spleen and BM on days 14 and 28 after NP-KLH
immunization. One representative Elispot experiment per genotype is shown for day 14 spleen and day 28 BM. Control, unimmunized mouse. (Bottom) Data
from 3-5 independent experiments/genotype/tissue/time point are summarized. Data are shown as mean + standard deviation. Statistical significance was
determined by Student's t test (%, P < 0.05; **, P < 0.01; **, P < 0.001). (D) Purified B cells from rela™"CD19-Cre and CD19-Cre mice were stimulated in vitro
with LPS and analyzed 3 d later for CD138 and B220 expression by flow cytometry. Numbers besides gates indicate the percentage of CD138"B220°" cells.
Representative example (left) and pairwise representation of individual experiments (right) for CD138"B220" expression of LPS-stimulated B cells, with
each line representing an independent experiment (n = 6). Statistical significance was determined by Student's t test (**, P < 0.01). (E) Representative Western
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affinity for NP, among the genotypes (Fig. 2 C). Together,
the findings demonstrate that RELA is not required for GC
formation, and that RELA-deficient GC B cells undergo nor-
mal affinity maturation.

Rela is required for the generation of GC-derived plasma cells
Despite normal GC formation, eGFP*CD138" plasma cells
were significantly reduced in the spleen of SRBC-immunized
rela®Cy1-Cre mice compared with rela® *Cy1-Cre control
mice (Fig. 3 A). In accordance, total IgG1 serum titers (not
depicted) and NP-specific IgG1 serum titers after primary
and secondary challenge with NP-KLH were strongly re-
duced in rela®Cy1-Cre compared with Cy1-Cre and rela*
Cvy1-Cre mice (Fig. 3 B). These results were further sup-
ported by ELISPOT analysis for NP-specific IgG1 antibody-
secreting cells (ASCs) that revealed a strong reduction of these
cells in spleen and BM of rela"Cy1-Cre mice 14 and 28 d
after immunization (Fig. 3 C). Our observation that GC
B cells in rela®Cy1-Cre mice undergo normal antigen selection
(Fig. 2 C) is further supported by the finding that the affinity
of the remaining plasma cell compartment in rela®’?Cy1-Cre
mice did not differ from the controls, as indicated by the ratio
of anti-NP, to anti-NP,; IgG1 antibodies (Fig. 3 B, bottom),
which serves as a measure for affinity maturation of a humoral
immune response. Thus, our observations suggest a role for
RELA in GC B cells after affinity maturation and during the
differentiation of GC B cells into plasmablasts, reminiscent of
mice that are deficient for BLIMP1 or IRF4 in GC B cells
which show normal GC development but impaired genera-
tion of GC-exiting plasma cell precursors (Shapiro-Shelef
et al., 2003; Klein et al., 2006).

In accordance with the impaired generation of plasma cells
in vivo, RELA-deficient B cells purified from rela”*CD19-Cre
mice developed into fewer CD138"B220% plasmablasts com-
pared with control B cells upon stimulation with LPS, an in-
ducer of plasmablastic differentiation in vitro (Fig. 3 D). We
then investigated the corresponding cultures via Western blot
for the induction of the transcription factors BLIMP1 and IR F4,
which are jointly required for plasma cell differentiation, and
found that RELA-deficient B cells showed dramatically im-
paired up-regulation of BLIMP1 compared with the control
B cells (Fig. 3 E), which was also observed at the mRNA level
(not depicted). Conversely, IRF4, which in addition to plasma
cell differentiation also regulates class switch recombination

Article

(Klein et al., 2006; Sciammas et al., 2006), was normally up-
regulated in RELA-deficient B cells (Fig. 3 E). Consistent with
the requirement of IRF4 for class-switch recombination, cul-
tures of RELA-deficient B cells generated similar numbers of
IgG1* switched B cells under conditions that induce both plas-
mablastic differentiation and class-switch recombination (LPS
and IL-4) compared with the control cultures, despite the re-
duction in CD138"B220" plasmablasts (Fig. 3 F) and similar
proliferation properties of both RELA-deficient and wild-type
B cells (Fig. 3 G). These results suggest that the impaired plasma
cell generation in rela®Cy1-Cre mice in vivo is due to a re-
quirement for RELA in the induction of prdm1 expression. In
support of this notion, RELA has been shown to bind to the
prdm1 locus and activate prdm1 transcription in a mouse lym-
phoma cell line (Morgan et al., 2009). Collectively, these find-
ings implicate RELA as a regulator of plasma cell differentiation
during the GC reaction and show that ¢-REL does not com-
pensate for RELA in this process.

GC B cell-specific deletion of rel causes

disruption of GC B cell development

c-REL and RELA function within the same pathway of NF-kB
activation. However, in striking contrast to relaCy1-Cre
mice, the fraction of CD95"PNAM GC B cells on day 14 after
SRBC immunization was strongly reduced in refCy1-Cre
mice compared with ref*Cy1-Cre and Cy1-Cre mice (Fig. 4 A).
The marked reduction of c-REL—deficient GC B cells was
particularly evident from the analysis for eGFP expression
that demonstrated the preferential loss of rel-homozygous—
over rel-heterozygous—deleted GC B cells (Fig. 4 A). (Of note,
heterozygous deletion of the rel allele resulted in a partial re-
duction of GC B cells, consistent with the reported haploin-
sufficiency of rel deletion in B cells [Kontgen et al., 1995].) In
agreement with the flow cytometric data, histological analysis
revealed fewer and smaller BCL6" GCs in the spleen upon
homozygous deletion of rel (Fig. 4 B). Interestingly, however,
GC formation was not affected in re"#Cy1-Cre mice 7 d after
SRBC immunization (Fig. 4, A and B) despite the lack of
c-REL protein expression in GC B cells at this time point
(Fig. 4 C). Day 7 is the time at which GCs featuring the char-
acteristic ~2:1 centroblast/centrocyte ratio (Victora et al.,
2010) have formed (Fig. 4 D). Thus, our data suggest that
GCs in relCy1-Cre mice begin to involute only after dark
and light zones have been fully established, which is the time

blot analysis (left) of purified B cells ex vivo (day 0) and stimulated for 3 d with LPS for expression of BLIMP1 and IRF4 protein, and mean relative density of
3 experiments (right) compared with CD19-Cre B cells. Data are shown as mean + standard deviation. Statistical significance was determined by Student's
ttest (**, P < 0.001). (F) Purified B cells from relafCD19-Cre and CD19-Cre mice were stimulated in vitro with LPS+IL-4 and analyzed 4 d later for CD138
and IgG1 expression by flow cytometry. Numbers within gates indicate the percentage of CD138"1gG1~ and CD138~1gG1+ cells. Representative example
(left) and pairwise representation of individual experiments (right), with each line representing an independent experiment (n = 3). Statistical significance
was determined by Student's t test (**, P < 0.01). Experiments shown in C-E were performed with two different RELA-conditional mouse lines (see experi-
mental procedures) that gave similar results. (G) Purified B cells from rela™fCD19-Cre and CD19-Cre mice (p657* cohort) were stained with CFSE on day 0,
stimulated with LPS+IL-4 and analyzed by flow cytometry on days 2-4 for IgG1 expression to determine the fraction of class-switched cells in relation to
cell cycle as determined by CFSE dilution. Numbers indicate the percentage of cells in the corresponding quadrants. One out of three independent experi-

ments is shown.
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point when somatically mutated B cells start to appear and
when the selection of antigen-specific B cells is thought to
begin (Jacob et al., 1993). Because gene deletion occurs in
Cvy1-Cre mice as early as day 4 after immunization (Casola
et al., 2000), our findings indicate that c-REL is dispensable
during the establishment phase of the GC until day 7, but that
it is required at a later stage.

The loss of rel-deleted GC B cells in vivo could be due to
either a role of c-REL in the development of the centroblast or
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Figure 4. GC-specific deletion of re/ im-
pairs GC development and the generation
of 1gG1-producing plasma cells. ref/f
Cy1-Cre, refi+Cy1-Cre, and Cy1-Cre mice
were immunized with SRBC (A-C) and ana-
lyzed 7 or 14 d later. (A) CD95, PNA, and eGFP
expression by splenic B cells from mice of the
corresponding genotypes were analyzed by
flow cytometry. Numbers above gates indicate
the percentage of CD95"PNA" (dot plots) or
eGFP+CD95"PNAN (histograms) GC B cells.
(Right) Data are cumulative from two experi-
ments with 5-8 mice per genotype, with each
symbol representing a mouse. Data shown are
as mean + SD. Statistical significance was
determined by Student's t test (*, P < 0.05;

** P <0.001). (B) Spleen sections from mice
of the corresponding genotypes were analyzed
for the expression of BCL6 and IgG1 or IgM;
IgG1 stainings were counterstained with he-
matoxylin. One representative mouse out of
three per group is shown. Bar, 300 pm.

(C) Spleen sections of mice were stained for
IgM and BCL6 (top) and IgM and c-REL
(middle, bottom) 7 d after immunization. One
representative mouse out of 2 per group is
shown. Bars: (top and middle) 300 pm;
(bottom) 100 pm. (D) Percentage of splenic B220*
CD38°CDI5NCXCR4MCD86 centroblasts and
B220+CD38°CDI5NCXCR4"°CD8B" centrocytes
in Cy1-Cre mice on the indicated time points
after SRBC immunization. GCs consisting of
the characteristic centroblast/centrocyte ratio
of ~2:1 have not formed until day 7. Data
from 3-4 mice per time point are shown. Data
are shown as mean + SD. (E) Mice of the cor-
responding genotypes were immunized with
SRBC and splenic B cells were analyzed for
B220, CD38, CD95, CXCR4, CD86, and eGFP
expression by flow cytometry at the indicated
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(histograms). (Bottom) Data are cumulative
from two experiments with 3-4 mice per gen-
otype, with each symbol representing a mouse.
Data are shown as mean + standard deviation.
Statistical significance was determined by
Student's t test (*, P < 0.01).

d10

centrocyte subpopulations or in the maintenance of the GC
B cell reaction. Centroblasts and centrocytes can be distin-
guished by surface expression of the activation markers CD83
or CD86 and the chemokine receptor CXCR4 (Victora et al.,
2010).We observed that whereas the percentage of total splenic
GC B cells (B220*CD38°CD95M) gradually decreased in
rel#C~y1-Cre mice from days 8 to 10 after SRBC immuniza-
tion (not depicted), the ratio of CXCR4MCD86! centroblasts
to CXCR4CD86M centrocytes of ~2:1 was maintained
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Figure 5. The strong reduction of plasma
cells in reffCy1-Cre mice is unlikely to be
due to an impairment in the generation of
plasmablasts. (A) re/iCy1-Cre, ref*Cy1-Cre, and
Cy1-Cre mice were immunized with NP-KLH and
analyzed for the serum response to NP-KLH immu-
nization before (pre), 12 d after primary (primary),
and 7 d after secondary (boost) immunization with
NP-KLH. Data are cumulative from two experiments
with 3-4 mice per genotype, with each symbol
representing a mouse. Data are shown as mean +
SD. Statistical significance was determined by Stu-
dent's ttest (%, P < 0.05;*, P < 0.01;** P < 0.001).

control

*k

o
~ [OCy1-Cre
@ ref*Cy1-Cre

il mre/"Cyi-Cre  (B) Elispot analysis for NP-specific IgG1 ASCs
A in spleen and BM on days 14 and 28 after NP-KLH
immunization. One representative Elispot experi-
d14  d28 ment per genotype is shown for day 14 spleen

and day 28 BM. (Bottom) Data from 3-4 (day 14)
and 5-6 (day 28) independent experiments/

- genotype/tissue/time point are summarized.
Data are shown as mean + standard deviation.
e Statistical significance was determined by Stu-
ww —rerl dent's ttest (¥, P < 0.05; ** P < 0.01). Control, un-

immunized mouse. (C) Purified B cells from re/~/=

L bwskags and rel* mice were stimulated in vitro with LPS
G2 W ol and analyzed 3 d later for CD138 and B220 expres-
" sion by flow cytometry. Numbers besides gates
) indicate the percentage of CD138"B220"" cells.
*,;:' Representative example (left) and pairwise repre-
. s sentation of individual experiments (right) for
,":/’ CD138MB220" expression of LPS-stimulated B cells,
£ with each line representing an independent experi-
d2 d3 d4

ment (n = 8). Statistical significance was deter-
mined by Student's ¢ test (**, P < 0.01). (D) Purified
B cells from re/~/= and rel*'* mice were stimulated
in vitro with LPS+IL-4 and analyzed 4 d later for
CD138 and IgG1 expression by flow cytometry.
Numbers within gates indicate the percentage of
CD138"IgG1~ and CD138~1gG1* cells. Representa-
tive example (left) and pairwise representation of
individual experiments (right), with each line repre-
senting an independent experiment (n = 3-4).
Statistical significance was determined by Stu-
dent's ttest (*, P < 0.05; *, P < 0.01;** P < 0.001).
(E) Summary of sequence analysis of V186.2 y1
transcripts amplified from eGFP+ B cells purified

from each two pooled ref1Cy1-Cre and refi+*Cy1-Cre mice 14 d after immunization with NP-KLH. n indicates number of clones analyzed. Pie charts: fraction
of clones with the number of mutations indicated and percentage of clones with (black) or without (white) Trp-Leu amino acid exchange at position 33.

over time at a level comparable to that seen in rel"’*Cy1-Cre
and Cy1-Cre mice (not depicted). Of note, rel-deleted, eGFP*
GC B cells were lost equally from the centroblast and centro-
cyte compartments in relCvy1-Cre mice (Fig. 4 E). Collec-
tively, our findings suggest a role for c-REL in the maintenance
of the GC B cell reaction as opposed to a role in the devel-
opment of a particular GC B cell subset (see Discussion).
In accordance with the disrupted GC B cell development
in immunized relCy1-Cre mice, we observed a strong re-
duction in serum IgG1 titers (not depicted) and the secretion
of antigen-specific IgG1 antibodies after primary and secondary
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immunization with NP-KLH in rel/?Cy1-Cre mice compared
with both Cy1-Cre and ref*Cy1-Cre mice (Fig. 5 A). In
agreement, ELISPOT analysis for NP-specific IgG1 ASCs re-
vealed a strong reduction of these cells in spleen and BM
of rel/fCy1-Cre mice 14 and 28 d after immunization
(Fig. 5 B).The strong reduction of GC-derived plasma cells is
unlikely to be due to a c-REL—dependent defect in plasma
cell differentiation because in contrast to RELA deficiency
(Fig.3 D), ablation of c-REL function did not impair the devel-
opment of CD138"B220% cells upon induction of plasmablastic
differentiation by LPS (Fig. 5 C). Rather, c-REL—deficient
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B cells had a higher propensity to differentiate into plasmablasts
compared with control B cells (P < 0.01). Under conditions
that induce both plasmablastic differentiation and class-switch
recombination (LPS and IL-4), cultures of c-REL—deficient
B cells generated elevated numbers of plasmablasts compared
with wild-type B cells (Fig. 5 D), whereas a strong impairment
in class switch recombination was observed, as previously de-
scribed (Kontgen et al., 1995; Tumang et al., 1998). Together,
these findings indicate that unlike RELA, c-REL is dispensable
for plasmablastic differentiation, further supporting the notion
that c-REL exerts its specific function in GC B cells before
differentiation. Of note, V168.2 gene sequence analysis of the
minute fraction of rel-deleted eGFP* B cells that is detectable
in the spleen of rel"Cy1-Cre mice at day 14 after immuniza-
tion identified a reduced somatic hypermutation frequency
and percentage of V168.2 rearrangements with Trp—Leu re-
placements compared with the control, which was statistically
significant as determined by Fisher’s exact probability test (P =
0.004) or chi-squared test of association (P = 0.005; Fig. 5 E).
These results suggest that the few rel-deleted cells that were
detectable in relCy1-Cre mice represent NP-specific cells
that have escaped counterselection in the GC, most probably
because they were generated early in the GC response before
or during the time the Cre-mediated deletion of rel has oc-
curred, when c-REL protein amounts were still sufficient to
allow completion of the selection process.

Expression of a bcl2 transgene does not rescue

the loss of c-REL-deficient GC B cells in vivo

NF-kB transcription factors are known regulators of B cell
survival (Gerondakis and Strasser, 2003; Kaileh and Sen, 2012),
raising the possibility that the gradual disappearance of
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Figure 6. Bcl2 transgene expression fails to rescue
o relt"* the loss of c-REL-deficient GC B cells in vivo.
® ref* (A) reffiCy1-Cre, refM+Cy1-Cre, and Cy1-Cre mice and
e . the corresponding genotypes with a bc/2-lg transgene
*;* were immunized with SRBC and analyzed 14 d later.
~ . CD95, PNA, and eGFP expression by splenic B cells from

mice of the corresponding genotypes were analyzed by
flow cytometry. Numbers above gates indicate the per-
centage of CDI5NPNA" (dot plots) or eGFP+*CDI5MPNAN
A (histograms) GC B cells. (Right) Data are cumulative from

X two experiments with 4-8 mice per genotype, with each
symbol representing a mouse. Data are shown as mean + SD.
Statistical significance was determined by Student's
ttest (*, P < 0.05; ™, P < 0.001). (B) refCy1-Cre, refli*
Cy1-Cre, and Cy1-Cre mice and the corresponding gen-
otypes with a bc/2-1g transgene were immunized with
SRBC and analyzed for serum IgG1 antibodies 14 d later.
Data are cumulative from two experiments with 4-7
mice per genotype, with each symbol representing a
mouse. Data are shown as mean + standard deviation.
Statistical significance was determined by Student's
ttest (*, P < 0.01;** P <0.001).

bel2-Ig

rel-deleted GC B cells may be due to an inability of these cells to
escape apoptosis, the default pathway of GC B cells unless they
are positively selected (MacLennan, 1994). To investigate this
matter, we crossed the conditional rel allele into mice carrying a
constitutively expressed bcl2 gene (bel2-Ig; McDonnell et al.,
1989). Expression of a bcl2 transgene has been shown to inhibit
the elimination of counterselected GC B cells by apoptosis
(Smith et al., 2000). We observed that, whereas the percentage of
GC B cells was generally higher in the bc/2-transgenic mice irre-
spective of the genotype due to enhanced B cell survival
(McDonnell et al., 1989), the fraction of GC B cells in re//f
Cvy1-Cre/bcl-2-Ig mice remained significantly lower compared
with the Cy1-Cre/bcl-2-Ig control mice 14 d after SRBC im-
munization (1.3 vs. 2.1%; P = 0.04; Fig. 6 A). Importantly, the
expression of the transgene was unable to rescue the loss
of eGFP* GC B cells upon homozygous rel deletion in el
Cy1-Cre/bcl-2-1g versus rel”8Cy1-Cre littermates (21 vs. 17%),
whereas they were significantly reduced compared with the cor-
responding heterozygously deleted mice (Fig. 6 A). In agreement
with these findings, bc/2-Ig expression in c-REL—deficient
B cells did not rescue the strong reduction in IgG1 serum titers
observed upon immunization in refCy1-Cre mice versus the
c-REL—proficient and heterozygous rel-deleted mice (Fig. 6 B).
These findings indicate that the observed loss of rel-deleted GC
B cells is not due to the inability of c-REL—deficient GC B cells
to transmit prosurvival signals.

c-REL-deficient GC B cells fail to up-regulate

a metabolic program that directs cell growth

To gain insight into the biological programs controlled by
c-REL to facilitate the maintenance of the GC B cell reaction,

Distinct roles of RELA and c-REL in GC development | Heise et al.
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Figure 7. c-REL-deficient GC B cells fail to up-regulate a set of genes involved in metabolic functions. (A) RNA was isolated from eGFP* or
eGFP~ B220*CD95*PNA*+ GC B cells of, respectively, ref1Cy1-Cre and Cy1-Cre mice purified by flow cytometry and processed for hybridization on micro-
arrays. B cell fractions were isolated separately from 2 or 3 mice per genotype and independently processed for microarray hybridization. Gene expression
differences between GC B cells from re/MCy1-Cre and Cy1-Cre mice were determined by supervised analysis (n = 2 or 3 each group). Color changes
within a row indicate expression levels relative to the mean of the sample population. Values are quantified by the scale bar that visualizes the difference
in the z,. score (expression difference/standard deviation) relative to the mean (0). Genes are ranked according to their z, score (mean expression differ-
ence of the respective gene between phenotype and control group/standard deviation). Shown are only those gene segments that differ twofold or more
in their z, score. TFs, transcription factors; Mgr/Adh., migration/adhesion; Trf, trafficking. (B and C) Total RNA from ref"/iCy1-Cre and Cy1-Cre GC B cells
was analyzed for the expression of Bcl2, Bel2I1, and Mcl1 (B), and Fads2, Pla2d 16, Slc7a6, and Phgdh (C) by gRT-PCR. The expression was corrected for
B-actin levels and then normalized to wild-type B cells. Data are shown as mean + SD (n = 3, 2 independent experiments). Statistical significance was

analyzed by Student's t test (**, P < 0.01;*** P < 0.001); p-values for Bcl211 and Phgdh were P = 0.088 and P = 0.085, respectively.

we performed a gene expression profile (GEP) analysis to
identify genes differentially expressed between rel-deleted and
wild-type GC B cells. Specifically, eGFP* and eGFP~ GC
B cells (B220*CD95"PNAM) were sorted from the spleens of
rel¥Cy1-Cre and Cy1-Cre mice, respectively, 7 d after
SRBC immunization, when the GCs of the former mice
were indistinguishable in size from the controls (Fig. 4,A and B).
We anticipated that alterations in transcriptional programs
that ultimately lead to the loss of rel-deleted GC B cells past
day 8 would already be evident at day 7 after immunization.
Supervised analysis identified a signature of 294 genes that
were differentially expressed between rel-deleted and wild-
type GC B cells (Fig. 7 A; Table S1), and that were assigned
to putative functional categories. No differences were ob-
served in the expression of regulators of cell survival (Fig. 7,
A and B), consistent with the observation that expression of a
bcl2—1g transgene failed to rescue rel-deleted GC B cells. Also,
genes associated with the proliferation of GC B cells were ex-
pressed at similar levels in rel-deleted and wild-type GC

JEM Vol. 211, No. 10

B cells, with the exception of the cell cycle regulator cyclin
D2 (eend2), which is repressed in GC B cells by BCL6 (Shaffer
et al., 2000) and is thus not thought to play a role in the pro-
liferation of GC B cells (not depicted). These findings are in
agreement with the observation that the initial burst of prolif-
eration required for the formation of fully established GCs by
day 7 seems to occur normally in ref/fCy1-Cre mice. In ac-
cordance, GC B cell-associated genes (Green et al., 2011), in-
cluding bcl6, aicda, and ezh2, were equally expressed among
the rel-deleted and wild-type GC B cell fractions (not de-
picted), demonstrating that c-REL does not modulate the ex-
pression of key GC developmental regulators.

Strikingly, several genes differentially expressed between
c-REL—deficient and wild-type GC B cells encode known
regulators of cellular metabolism that are instrumental in
meeting the heightened demands of proliferating cells for
both energy and building blocks for anabolic processes (Fig. 7 A).
For representative genes, the differential expression among
the GC fractions was confirmed by qRT-PCR (Fig.7 C).The
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genes identified as down-regulated in rel-deleted versus wild-
type GC B cells include phosphofructokinase (PFKM), the
enzyme which catalyzes the rate-limiting step in glycolysis,
phosphoglycerate dehydrogenase (PHGDH), which directs
glycolytic carbon into serine and glycine metabolism, and the
amino acid transporter solute carrier family 7, member 6
(SLC7A6), which transports cationic amino acids—including
glutamine, a major provider of carbon blocks for anabolic re-
actions (Le et al., 2012)—across the cell membrane (Fig. S2).
In addition, several enzymes involved in the oxidation of
fatty acids (Fig. S2) were significantly down-regulated in
rel-deleted GC B cells. Together, these results suggest that
c-REL establishes a metabolic program that allows the cell to
meet the energy demands required by the rapidly proliferat-
ing GC B cells.

Because GC B cells showing active NF-kB signaling pre-
sumably represent only a small fraction among the eGFP~*
GC B cells isolated from rel!/fCy1-Cre mice, we used an
ex vivo activation system that allowed us to more compre-
hensively investigate the genes that are directly or indirectly
regulated by c-REL. To this end, we mimicked the stimuli a
B cell is likely to encounter during the T cell-dependent pro-
cess of antigen selection within the GC by activating splenic
B cells isolated from relfCD19-Cre and CD19-Cre control
mice with anti-CD40 and anti-IgM. RNA from three
samples per genotype was harvested after 6 and 24 h of stimu-
lation and subjected to RNA sequencing. Upon identify-
ing genes expressed at >2-fold lower levels in the c-REL-
deficient cultures compared with wild-type B cells at each of
these two time points, three categories emerged. These cate-
gories comprised genes whose expression was significantly
reduced only at 6 h (27/55 genes) or 24 h (295/323 genes), or
at both of these time points (28/55 and 28/323 genes; Fig. 8 A;
for the identity of genes, see Table S2). These results indicate
that, upon in vitro stimulation, the gene expression changes
in rel-deleted B cells progress over time.

We next used gene set enrichment analysis (GSEA;
Subramanian et al., 2005) to determine the nature of the gene
expression changes. Whereas several signatures associated
with cellular metabolism were up-regulated in the control
B cells at 6 h of stimulation, these signatures were absent in the
rel-deleted B cells (Fig. 8 C; a representative gene set is shown
in Fig. 8 B; and Table S3). At 24 h, in addition to a further
numerical enrichment for cellular and RNA metabolism
gene sets in the control B cells (Table S3), the enriched sig-
natures were dominated by those relating to cell cycle entry
and progression and DNA metabolism (Fig. 8 C; a represen-
tative gene set is shown in Fig. 8 B, right; see Table S3 for the
identity of the remaining signatures). Our results suggest that
in the early stages of B cell activation, c-REL controls the
expression of genes that may be necessary for an initial burst
of metabolism to enable biosynthesis of building blocks and
the generation of energy. In agreement with this notion, mea-
surement of the oxygen consumption rate (OCR) by extra-
cellular flux assay revealed that CD40+IgM and CD40+
IL-4—stimulated c-REL—deficient B cells showed reduced

2112

baseline and maximal oxygen consumption compared with
control B cells at 24 h (Fig. 8 D). Also, ATP production
measured upon administration of the ATP-synthase inhibitor
oligomycin was significantly lower in the c-REL—deficient
B cells. In addition, we observed that the glycolytic capacity
of c-REL—deficient B cells under these stimulation conditions,
as measured by the extracellular acidification rate (ECAR), was
reduced compared with that of the control B cells (Fig. 8 D).
These results support our observations from the RNA-seq
analysis by demonstrating at the functional level that activated
c-REL—deficient B cells have impaired metabolic functions.
Due to their metabolic deficiency, rel-deleted B cells may be
unable to complete the growth necessary for eventual cell di-
vision at later time points (starting at 36—48 h); this, in turn,
could explain the marked absence of cell cycle entry and pro-
gression signatures in the rel-deleted B cells at 24 h compared
with the wild-type B cells. In agreement with this notion
is the observation that c-REL—deficient (but not RELA-
deficient) B cells had a smaller cell size compared with wild-
type B cells 24 h after stimulation (Fig. 8 E). In addition, a
defect in the proliferation of c-REL—deficient B cells com-
pared with wild-type and RELA-deficient B cells is evident 3 d
after stimulation via CFSE staining in the presence of strong
proliferation signals (Fig. 8 E), which correlates with the re-
duced expression of gene sets involved in cell cycle entry and
progression observed in the rel-deleted B cells after 24 h of
stimulation. Integrating the results obtained from the in vivo
GEP and ex vivo RNA-seq analyses, we propose that c-REL
is required for the maintenance of the GC reaction through
the establishment of a growth program that is necessary for
the proliferation of GC B cells after the formation of dark and
light zones has been completed by day 7.

To determine whether the observed gene expression
changes were specifically associated with activation of the
c-REL subunit, we analyzed the transcriptome of B cells
from rela®fCD19-Cre and control mice stimulated for 6 h
with CD40+IgM. The results revealed that 63 genes were
expressed at >2-fold lower levels in the RELA-deficient cul-
tures compared with wild-type B cells, compared with the 55
genes in the corresponding c-REL—deficient cultures (Fig. 8 F
and Table S4). However, only 6 genes demonstrated >2-fold
reduced expression in the absence of both c-REL and RELA
compared with wild-type, demonstrating that ¢c-REL and
RELA control largely distinct sets of genes under these acti-
vation conditions.

DISCUSSION

The biphasic activation pattern of the canonical NF-kB sub-
units RELA and ¢-REL in T cell-dependent B cell responses,
i.e., immediately upon antigen activation and later during the
GC reaction in centrocytes, made it impossible to study their
functions in GC B cell development by using constitutional rela
and rel knockout mice. We took advantage of newly generated
conditional mouse models to show that RELA and c-REL
play essential, nonredundant roles in distinct stages of the GC
reaction, ultimately impairing the generation of high-affinity

Distinct roles of RELA and c-REL in GC development | Heise et al.
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Figure 8. c-REL-deficient in vitro—activated B cells are impaired in establishing a metabolic program. (A) Venn diagram depicting the overlap of genes
that failed to be up-regulated >2-fold upon CD40+IgM stimulation at both 6 and 24 h in refiCD19-Cre versus CD19-Cre mice as determined by RNA-seq analy-
sis. (B) Representative examples of a metabolic signature and a proliferation signature identified at 6 and 24 h of CD40+IgM stimulation, respectively, by GSEA
using the gene set category GO_BP. Normalized enrichment scores (NES), p-values, and false discovery rates (FDRs) are indicated. (C) GSEA was used to identify
gene sets of the categories GO_BP and KEGG that were enriched in B cells from CD19-Cre versus refiCD19-Cre mice after 6 and 24 h of CD40+IgM stimulation.
Gene sets showing significant enrichment (FDR <25%; P < 0.05) were grouped into functional categories. For the identity of the gene sets, see Table S3. (D) Mea-
surement of OCR and ECAR of c-REL-deficient and wild-type B cells stimulated with aCD40+algM or «CD40+IL-4 for 24 h by extracellular flux analysis. OCR
was determined upon sequential administration of the indicated drugs to assess basal respiration, the respiration needed to sustain ATP consumption (oligomycin),
and the maximal respiration that reflects how the cells react to an increased ATP demand (FCCP), followed by administration of the mitochondrial NADH
dehydrogenase complex 1 inhibitor rotenone. ECAR was determined upon administration of glucose, the ATP synthase inhibitor oligomycin, and the glucose ana-
logue 2-DG. (Left) Representative experiments. (Right) Statistical analysis of one representative out of 3 (OCR) or 2 (ECAR) independently performed measure-
ments, each with 2 mice per genotype. Data are shown as mean + SD (n = 2). Statistical significance was analyzed by Student's t test (¥, P < 0.05;*, P < 0.01);
p-values for the OCR Max and ECAR Max in the aCD40+algM stimulation were P = 0.058 and P = 0.057, respectively. (E) Forward scatter analysis (top) at 24 h of
CD40+IgM stimulation and CFSE dilution (bottom) in CD40+IL-4-stimulated B cells (day 3). (F) Venn diagram depicting the overlap of genes that failed to be up-
regulated >2-fold upon CD40+IgM stimulation at 6 h in both refiCD19-Cre or rela™CD19-Cre versus CD19-Cre as determined by RNA-sequencing analysis.
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B cells.Whereas c-REL was found to be required for GC main-
tenance and consequently plasma cell formation, RELA was dis-
pensable for the GC reaction but essential for the development
of GC-derived plasma cells. Our results have implications for the
role of NF-kB in GC physiology and GC lymphomagenesis.

Because constitutional rela deletion causes embryonic
lethality (Beg et al., 1995), previous studies on the role of
RELA in T cell-dependent immunity were performed by
reconstituting irradiated SCID mice with rela™’~ fetal liver
cells (Doi et al., 1997) and could thus not address B cell au-
tonomy of rela deletion. Using mice with a conditional rela
allele, we demonstrate here a B cell-intrinsic requirement of
RELA for the generation of antigen-specific plasma cells in
the GC reaction in vivo. The impeded plasma cell generation
is most likely due to an impairment of RELA-deficient
B cells to up-regulate BLIMP1 expression upon induction of
plasmablastic differentiation, in the presence of normal IR F4
up-regulation. The normal up-regulation of IRF4 in RELA-
deficient B cells is consistent with the ability of these cells
to undergo Ig class switching, a process which is also depen-
dent on IRF4. Moreover, it is not inconsistent with the
impaired generation of plasmablasts because prdm1 can be
expressed in an IRF4-independent fashion, and because
BLIMP1 and IRF4 are jointly required for plasmablastic dif-
ferentiation (De Silva et al., 2012). Collectively, our results
provide evidence for a major role of RELA inT cell-dependent
antibody responses in facilitating plasma cell generation by
regulating BLIMP1 expression.

Mice with constitutional rel deletion (Carrasco et al., 1998;
Pohl et al., 2002) and rel"”CD19-Cre mice (unpublished data)
show severely impaired formation of GCs upon immuniza-
tion, consistent with a critical role of ¢-REL in the pre-GC
B cell activation step (Kontgen et al.,, 1995; Tumang et al.,
1998). The NF-kB pathway is, however, not activated in
centroblasts, the descendants of antigen-activated B cells
which clonally expand to form the GC (Shaffer et al., 2001;
Basso et al., 2004). Accordingly, conditional deletion of rel in
GC B cells did not affect GC development in the early phase
that is characterized by the rapid proliferation of centroblasts.
However, a dramatic change occurred on day 8 when GCs
began to collapse in the absence of ¢-REL. Of note, centro-
blasts and centrocytes were lost equally, demonstrating that
c-REL is required for the maintenance of the GC reaction and
suggesting a role in licensing the cyclic reentry of centrocytes
from the light into the dark zone (discussed further below).

We propose that the deletion of rel in GC B cells affects a
subset of centrocytes in the light zone that is subjected to
positive selection, rather than the GC B cell population as a
whole, based on two observations. First, CD40 stimulation is
known to induce nuclear translocation of NF-kB subunits
including c-REL, and evidence suggests that this activation
indeed occurs in centrocytes in the light zone, presumably
due to B cell-T cell interaction (Basso et al., 2004). Impor-
tantly, antibody-mediated inhibition of the CD40-CD40L
interaction leads to a rapid involution of the GC, indicating
that CD40 signaling has a critical role in the maintenance of
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the GC reaction (Han et al., 1995). Thus, our observations
raise the possibility that c-REL is an essential mediator of
CD40 signaling in the GC. Second, ¢-REL is known to be
strongly activated by BCR stimulation in vitro (Damdinsuren
et al., 2010). The recent demonstration that BCR signaling is
short circuited and thus inactivated in the vast majority of
GC B cells (Khalil et al., 2012) may contribute to the ob-
served lack of NF-kB activation in most GC B cells, and it is
consistent with the possibility that NF-kB, and thus c-REL
activation, may be restricted to the fraction of cells that un-
dergoes BCR-mediated selection of the hypermutated anti-
gen receptor for improved antigen affinity in the light zone.

Our results suggest that the loss of c-REL—deficient GC
B cells is not due to an impaired transmission of prosurvival sig-
nals in rel-deleted B cells because constitutive expression of
BCL2 in GC B cells was unable to rescue their disappearance
in rel”8Cy1-Cre mice. Consistent with this notion, mRINA
encoding mcl1, which is required for the formation and persis-
tence of GCs (Vikstrom et al., 2010), was expressed at similar
levels in rel-deleted and control B cells. Surprisingly, the GEP
analysis of rel-deleted and wild-type GC B cells performed be-
fore GC B cells are lost revealed the significantly reduced ex-
pression of genes involved in metabolism—including glucose,
amino acid, and lipid metabolism—in the c-REL-deficient
versus wild-type GC B cells. These findings were confirmed in
in vitro—activated c-REL—deficient versus control B cells by
RNA-seq analysis and at the biological level by extracellular
flux analysis. Together, these results indicate that c-REL con-
trols a metabolic program that mediates cell growth by provid-
ing energy and building blocks for the biosynthesis of protein,
DNA, and phospholipids. The failure to activate a metabolic
program may render the activated B cell unable to undergo cell
growth before cell division. This observation is reminiscent of
recent reports that identified metabolic reprogramming upon
lymphocyte activation as a prerequisite for differentiation in
various cellular contexts (Wang et al., 2011; van der Windt and
Pearce, 2012; Man et al., 2013; Sinclair et al., 2013), and it
places c-REL at a critical position in the control of cellular me-
tabolism after B cell activation. Thus, the findings provide ad-
ditional evidence for the regulation of metabolism by NF-kB
that is emerging in different cellular contexts and that is only
beginning to be explored (Grumont et al., 2002; Mauro et al.,
2011). With regard to the GC B cell reaction, we propose that
around day 7, at the time the GC has been fully established into
dark and light zones and when somatically mutated B cells begin
to appear (Jacob et al., 1993), positively selected B cells receive
signals that ultimately activate c-REL. Because cell growth is
a prerequisite for cell division, we hypothesize that the c-REL-
dependent metabolic program may sustain the growth of these
cells and would thus license the B cells for cyclic reentry to un-
dergo consecutive rounds of hypermutation and selection. The
need to reestablish a growth program in the GC B cell each
time it reaches the point of selection would effectively eliminate
from the GC reaction B cells that do not receive such signals as
they cannot continue to clonally expand. Future work is needed
to test this hypothesis.
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Our observations may be interesting in light of recent find-
ings that c-MYC expression is up-regulated in centrocytes and
required for the maintenance of the GC reaction (Calado et al.,
2012; Dominguez-Sola et al., 2012). In these studies, functional
inactivation of c-MYC in GC B cells led to a rapid disappear-
ance of both centrocytes and centroblasts in a fashion strikingly
similar to what we observed in rel-deleted GC B cells beyond
day 7.In this regard, it is interesting to note that the percent-
age of c-MYC—positive cells, after an initial spike immedi-
ately after immunization (~40% of B cells at days 1 and 2),
decreased dramatically in the early stages of the GC reaction
before increasing to ~25% of GC B cells (mostly comprising
centrocytes) on day 8 (Dominguez-Sola et al., 2012). Thus,
the expression pattern of c-MYC and the functional conse-
quences of c-REL deficiency in the GC temporally coincide,
consistent with the possibility that both ¢-MYC and ¢-REL
exert critical functions in mediating the cyclic reentry of
antigen-selected B cells into the dark zone, and thus in sus-
taining the GC response. Because NF-kB—dependent control
of c-MYC expression has been observed during B cell activa-
tion in vitro (Grumont et al., 2002), it will be interesting to
determine the relation between c-REL and ¢-MYC in GC
B cell development.

Rel has been identified as a viral oncogene (v-rel) in birds
that 1s causally involved in the pathogenesis of reticuloendo-
theliosis (Gilmore, 1999). The rel locus is amplified in certain
human B cell lymphomas. Moreover, the recent identification
of genetic mutations in NF-kB pathway components in
B lymphoma subtypes (Lenz et al., 2008; Compagno et al.,
2009; Kato et al., 2009; Schmitz et al., 2009) that lead to con-
stitutive activation of the canonical pathway implicates a po-
tential oncogenic role for c-REL in humans. Our results raise
the possibility that unrestrained c-REL activity may promote
lymphomagenesis by dysregulating cellular metabolism and
thereby promoting cell survival and proliferation. How
RELA—whose activation has been associated with certain
non-Hodgkin lymphomas and multiple myeloma (Annunziata
et al., 2007)—could promote tumorigenesis may be an inter-
esting area of investigation. Our findings that c-REL and
RELA exert entirely different functions during GC develop-
ment highlights the importance of dissecting the roles of the
individual NF-kB subunits in cancers with constitutive NF-kB
activation, a circumstance which may be exploited for devel-
oping targeted therapies. Finally, our findings have general
implications for NF-kB biology as they may help to improve
our understanding of the selectivity of the NF-kB response
(Sen and Smale, 2010).

MATERIALS AND METHODS

Generation of mice carrying a floxed rel or rela allele. The vector to
target rela and rel has been described previously (Klein et al., 2006). The vec-
tor was constructed such that upon Cre-mediated deletion, the promoter re-
gions and the exons comprising the first ATG of rela or rel were deleted with
simultaneous activation of eGFP expression, and Flp-mediated recombina-
tion produced deletion of the targeted region plus the eGFP gene (per-
formed to obtain rel germ-line knockouts; Fig. S1). See the Fig. S1 legend
for details on cloning of the targeting vectors and the generation of the mice.
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The conditional rel and rela and the knockout rel allele were backcrossed to
C57BL/6 mice (n > 10). Cy1-Cre, CD19-Cre, and Bcl2-Ig mice have been
previously described (McDonnell et al., 1989; Rickert et al., 1997; Casola
et al.,, 2006). In some experiments, conditional rela mice (referred to as
p657*; Luedde et al., 2008)—in which exons 2—4 of rela were flanked with
loxP sites—were used that do not express eGFP upon gene deletion. Mice
were housed and treated in compliance with the US Department of Health
and Human Services Guide for the Care and Use of Laboratory Animals and
according to the guidelines of the Institute of Comparative Medicine at
Columbia University. The animal protocol was approved by Columbia
University’s IACUC.

Immunization. Mice were immunized i.p. with 10 SRBCs (Cocalico
Biologicals) in PBS, or NP,;-KLH (100 pg per mouse; Biosearch Technolo-
gies) in complete Freund’s adjuvant (Sigma-Aldrich). For secondary antibody
responses, the immunized mice were rechallenged on day 21 with NP-
KLH (20 pg per mouse) in incomplete Freund’s adjuvant (Sigma-Aldrich).
Peripheral blood and spleens were removed at the indicated time points
for analysis.

B cell isolation. Single cell suspensions of mouse spleen were subjected to
hypotonic lysis and B cells were purified by depletion of magnetically labeled
non-B cells using the MACS B cell isolation kit (Miltenyi Biotec). NP-
binding B cells were enriched by MACS-based depletion of T cells, macro-
phages, granulocytes, and unswitched B cells, using biotinylated antibodies
(from BD if not stated otherwise) to CD90.2 (clone 53-2.1), F4/80 (clone
A3-1; Serotec), Ly-6G and Ly-6C (clone RB6-8C5), and IgM (clone R6-
60.2) and IgD (clone 11-26; Southern Biotech), respectively, followed by
incubation with streptavidin microbeads (Miltenyi Biotec) and magnetic de-
pletion of the labeled cell fractions. eGFP" and eGFP~ B220" B cells, or
B2207CD95"PNAM e GFP* or eGFP~ GC B cell subpopulations were iso-
lated by flow cytometry on a FACSAria (BD). Cells were sorted into 50%
FBS in PBS and cell pellets were either lysed with TRIzol reagent (Life
Technologies) for RNA isolation or washed once with PBS and subjected to
NP-40-based lysis for immunoblot analysis.

B cell culture. Purified B cells from the indicated genotypes were cultured
in the presence of: 1 pg/ml anti-mouse CD40 (clone HM40-3; BD), 20 pg/ml
LPS (Sigma-Aldrich), 20 ng/ml IL-4 (R&D Systems), and 16.25 pg/ml
anti-mouse IgM ( Jackson ImmunoR esearch Laboratories, Inc.). Cell density
in CD40+IgM stimulation experiments was 1.5 X 10° cells/ml. In all other
experiments, cells were cultured at a density of 10¢ cells/ml.

Extracellular flux analysis. In vitro—stimulated B cells were harvested and
seeded in triplicates at 3 X 10° (CD40+IgM stimulation) or 2 X 10° cells per
well on XF96 microplates (Seahorse Bioscience) coated with Cell-TAK
(Corning). The plates were then centrifuged to attach the cells to the bottom
of the plate. The ECAR was assessed in glucose- and bicarbonate-free DMEM
(Sigma-Aldrich) supplemented with 2 mM L-Ala-Gln (Glutamax; Gibco) in
response to 10 mM glucose, 1 pM oligomycin (Sigma-Aldrich), and 100 mM
2-deoxyglucose (2-DG; Sigma-Aldrich). The OCR was measured in DMEM
containing 1 mM sodium pyruvate, 11 mM glucose, and 2 mM L-Ala-Gln
upon sequential addition of 1 uM oligomycin, 1 pM fluorocarbonyl cyanide
phenylhydrazone (FCCP; Sigma-Aldrich), and 1 pM rotenone (Sigma-
Aldrich). All measurements were performed on an XF96 Extracellular Flux
Analyzer (Seahorse Bioscience). The cells of each well were subsequently de-
tached, and cell number and viability were assessed by trypan blue exclusion.
All OCR and ECAR measurements were normalized to the yielded live cell
counts to adjust for unequal cell death during the assay.

Flow cytometry. Spleen cell suspensions or cultured B cells were stained on
ice in PBS/0.5% BSA with specific antibodies listed in Table S5. Anti-mouse
CD16-CD32 (BD) was used to block FeyIII/II receptors before staining for
NP-binding cells. The cells were washed and analyzed on a FACSCalibur or
an LSRII (BD). Data were analyzed using Flow]Jo software.
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CFSE analysis. The proliferation capacity of purified B cells was assessed by
staining using the CellTrace CFSE Cell Proliferation kit (Life Technologies)
according to the manufacturer’s protocol. Successful labeling was confirmed
by flow cytometry, and cells were cultured with CD40 plus IL-4 for 3 d.

ELISA. For SRBC immunization experiments, 96-well immune plates
(Thermo Fisher Scientific) were coated with anti-mouse Ig(H+L) (South-
ern Biotech). For NP immunization experiments, plates were coated with
NPy-BSA or NP,;-BSA (Biosearch Technologies). Mouse serum samples
were incubated for 2 h at room temperature. Standard curves were generated
using mouse IgM and mouse IgG1 (Southern Biotech). Bound antibodies
were detected by AP-conjugated anti-mouse IgM and anti-mouse IgG1 an-
tibodies (Table S5). Plates were developed with p-nitrophenylphosphate
(Southern Biotech) dissolved in substrate buffer. For ELISPOT analysis, the
spleens and BM of NP-KLH—immunized mice were removed at the indi-
cated time points, and single cell suspensions were subjected to hypotonic
lysis. The samples were plated overnight on 96-well filtration plates (Milli-
pore) coated with NP,s-BSA (Biosearch Technologies). The cells were plated
in 1:2 serial dilutions, starting at 8 X 103 cells for BM-derived samples, and
at 10> cells for spleen-derived fractions. NP-specific IgG1-secreting cells
were detected by AP-conjugated anti-mouse IgG1 antibody (Table S5). Plates
were developed with nitro blue tetrazolium chloride-5-bromo-4-chloro-3-
indolyl phosphate (NBT/BCIP; Roche).

Immunohistochemistry. Sections 2-3 pm in thickness were cut from spleen
tissue that was fixed overnight in 10% formalin and embedded in paraffin.
Unlabeled antibodies (Table S5) were incubated over night at 4°C and coun-
terstained with either anti—rabbit HRP-labeled polymer (Dako) developed in
aminoethylcarbazole (AEC; Sigma-Aldrich) or alkaline peroxidase-conjugated
streptavidin (Dako) developed in nitro blue tetrazolium chloride-5-bromo-
4-chloro-3-indolyl phosphate (NBT/BCIP; Roche). Sections stained for
BCL6/IgG1 were counterstained with hematoxylin.

Immunoblot analysis. Purified B cells were subjected to NP-40-based
lysis, separated by SDS-PAGE, and blotted on nitrocellulose membranes
(GE Healthcare). Samples were incubated with primary antibodies (Table S5)
overnight at 4°C. Horseradish peroxidase—conjugated secondary antibodies
(Table S5) and ECL Western Blotting Substrate or West Dura Extended
Duration Substrate (Thermo Scientific) were used for detection.

Somatic hypermutation analysis. Specific amplification of VH186.2
transcripts from sorted eGFP* and eGFP™ B cell fractions from the spleen of
NP-KLH-immunized mice was performed as previously described (Klein et al.,
2006). In brief, cDNA was generated using a Cyl-specific primer. Semi-
nested PCR for amplification of cDNA fractions was performed using a Cy1
and a V186.2 leader primer (first round PCR, 20 cycles), followed by am-
plification of 3 pl of the first-round reaction product for 30 cycles with the
Cvy1 primer and a V;186.2 nested primer. PCR products were cloned into
pGEM-T Easy Vector (Promega). Sequencing of PCR products correspond-
ing to single colonies was performed as previously described (Klein et al.,
2006), using the VBASE2 database for sequence analysis.

GEP analysis. Purified B cells were sorted from SRBC-immunized mice
(day 7) into GFP" and GFP~ GC (CD95"PNAM) B cell fractions. Total RNA
of ~3 x 10* cells was isolated using the Nucleospin RNA XS isolation kit
(MACHEREY-NAGEL) according to the manufacturer’s protocol, and RNA
integrity >8 was determined on a BioAnalyzer 2100 (Agilent Technologies).
Approximately 10 ng of total RNA was reverse transcribed into cDNA with the
Ovation RNA Amplification System (NuGEN) according to the manufacturer’s
instructions, followed by purification of the amplified cDNA using the QIA-
quick PCR purification kit (QIAGEN). 3 pg of total cDNA was labeled and
fragmented using the Encore Biotin Module (NuGEN) and hybridized onto
GeneChip Mouse Genome 430 2.0 arrays (Affymetrix). Data were analyzed
using Affymetrix MAS5. Supervised analysis was performed with the GENES@,
‘WORK software platform as previously described (Klein et al., 2001). GEP data
are available through the GEO database (GSE58839).
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Quantitative RT-PCR. qRT-PCR was performed using gene-specific
primers spanning at least one intron in the target gene and Power SYBR
Green PCR Master Mix (Applied Biosystems; Table S6). All reactions con-
tained 10 ng of amplified cDNA and were performed in triplicate with the
7500 Fast Real Time PCR System (Applied Biosystems). Results were ana-
lyzed using the 272AC€T method with Hprt1 as reference gene.

RNA-seq. RNA was harvested from three culture replicates/genotype of
CD40+IgM-stimulated B cells and submitted for RNA sequencing at the
Columbia Genome Center. 30 million single-end 100 bp reads were sequenced
per sample on the HiSeq2000/2500 V3 instrument (Illumina). DESeq analy-
sis was used to identify differentially expressed genes and determine fold ex-
pression changes between genotypes. RINA-seq data are available through
the GEO database (GSE58983).

GSEA analysis. The GSEA tool (Subramanian et al., 2005) available from
the website of the Broad Institute was used to identify gene signatures en-
riched in wild-type control versus rel-deleted B cells. We screened the col-
lection of signatures under the category GO_BP and the curated category
KEGG to determine significant enrichment (FDR < 25%, P < 0.05).

Online supplemental material. Fig. S1 shows generation and functional
analysis of the conditional rela and rel alleles. Fig. S2 shows a chart depicting
metabolic pathways that seem to be affected by the failed up-regulation of
genes (indicated by green color) in c-REL—deficient GC B cells. Table S1
shows genes differentially expressed in c-REL—deficient versus wild-type
GC B cells. Table S2 shows genes not induced in c-REL—deficient versus
wild-type B cells by >2-fold. Table S3 shows a c-REL~dependent metabolic
program precedes a proliferation program in activated B cells. Table S4 shows
genes not induced in RELA-deficient versus wild-type B cells by >2-fold.
Table S5 shows antibodies used for flow cytometry, immunohistochemistry,
ELISA, and Western blot analysis. Table S6 shows primer sequences used for
quantitative RT-PCR analysis. Online supplemental material is available at
http://www jem.org/cgi/content/full/jem.20132613/DC1.
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