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The Proto-Oncogene c-myc Regulates Antibody Secretion and

Ig Class Switch Recombination

David Fernandez,*' Maitane Ortiz,*' Lorena Rodriguez,* Arancha Garcia,

.’.

Dolores Martinez,” and Ignacio Moreno de Alboran*

The immune response involves the generation of Ab-secreting cells and memory B cells through a process called terminal
B lymphocyte differentiation. This program requires the transcriptional repressor Blimp-1, which inhibits c-myc expression
and terminates proliferation. Although the role of c-Myc in cell proliferation is well characterized, it is not known whether it
has other functions in terminal differentiation. In this study, we show that c-Myc not only regulates cell proliferation, but it is also
essential for Ab-secreting cell function and differentiation in vivo. c-Myc—deficient B lymphocytes hypersecrete IgM and do not
undergo Ig class switch recombination (CSR). CSR has been previously linked to proliferation, and in this study we mechanis-
tically link class switching and proliferation via c-Myc. We observed that c-Myc regulates CSR by transcriptionally activating the
B cell-specific factor activation-induced cytidine deaminase. By linking cell proliferation and CSR, c-Myc is thus a critical
component for a potent immune response The Journal of Immunology, 2013, 190: 6135-6144.

robust humoral immune response to an Ag involves the

generation of two populations of terminally differentiated

B lymphocytes, that is, Ab-secreting cells (ASC) and
memory B cells (1, 2). Mature naive B cells can give rise to short-
lived ASC generated in response to thymus-independent (TI) or
-dependent (TD) Ags in extrafollicular zones in secondary lym-
phoid organs. Short-lived ASC have half-lives of 2-3 d, prolifer-
ate, and secrete nonmutated IgM Abs. The immune response
against TD Ags can also induce specialized structures in secondary
lymphoid organs, termed germinal centers (GC). After immuni-
zation, GC generate long-lived ASC and memory B cells; the
former do not proliferate, produce high-affinity Abs by somatic
hypermutation (3), and undergo IgH class switch recombination
(CSR) (4). Somatic hypermutation and CSR are dependent on
expression of activation-induced cytidine deaminase (AID; aicda)
(5). Long-lived ASC are located preferentially in bone marrow.
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Memory B cells express isotypes other than IgM after CSR, and
they differentiate to ASC following Ag rechallenge (6).

The initial steps of terminal B cell differentiation are charac-
terized by the mutually exclusive expression of a zinc finger
containing transcriptional repressors Bcl-6 and Blimp-1 (pdrmli)
(7). Bcl-6 is expressed in GC B cells and is necessary for their
formation. Bcl-6'~ mice have more ASC in T cell-dependent
responses and secrete more Ig in T cell-independent responses,
but they do not form GC structures (8). Bcl6 gene expression is
regulated by the Irf4 transcription factor, a member of the IFN
regulatory factor family, necessary for ASC differentiation and for
CSR (9, 10). Irf4 is able to repress bcl6 expression by binding to
its promoter region (11). Bcl-6 directly represses expression of the
pdrml (Blimp-1) gene, at least in part by binding to a site in intron
5 (12, 13). Blimp-1 is needed for full ASC differentiation both
in vitro and in vivo, although it is dispensable for the initial steps
of ASC differentiation and for memory B cell generation (14, 15).
Blimp-1 is sufficient to induce terminal B cell differentiation by
directly repressing genes responsible for cell proliferation and
B cell identity such as c-myc and pax5, respectively (16-18).
Downregulation of pax5 expression initiates ASC differentiation
by activating genes such as xbpl that is needed for full ASC
differentiation, and it promotes a series of molecular events that
mediate Ig secretion (19, 20). Blimp-1 expression is normal in
B cells lacking Xbp-1, suggesting that this factor acts downstream
of Blimp-1 (19). Inhibition of c-myc expression by Blimp-1 ter-
minates cell proliferation in ASC. A basic model was proposed
in which Blimp-1 acts by direct repression of c-myc and pax5,
therefore promoting xbpl expression and Ig secretion (21).

The c-Myc protein is a member of a basic region/helix-loop-helix/
leucine zipper transcription factor family (N-, L-, and c-Myc) that
regulates essential biological functions such as cell proliferation,
differentiation, and apoptosis (22). c-Myc is broadly expressed and
its deregulation has an enormous impact on human health; it is
estimated that 50% of human cancers show altered c-myc expres-
sion (23). c-Myc is expressed in differentiating B lymphocytes and
in mature B cells after activation (24). Transgenic mice that over-
express c-myc in B lymphocytes show abnormal B cell differenti-
ation and rapid lymphoma development, leading ultimately to death
(25). Mature B lymphocytes that lack c-Myc in vivo show severely

20z Areniged L0 uo1senb Aq 4pd-z1 L00€1/81¥69€EL/SEL9/Z1/06 | /4Pd-8jo1E/jounwwif/Bi0°1ee"s|euinol/:dpy woly pepeojumoq


mailto:imoreno@cnb.csic.es

6136

impaired proliferation and resistance to apoptosis (26, 27). In-
volvement of c-Myc in differentiation has been described for sev-
eral cell types, including myeloid cells and B lymphocytes (18, 28—
30). c-Myc downregulation is associated with cell cycle arrest and
terminal differentiation. In a mature B lymphoma line (17), re-
pression of c-Myc is necessary but not sufficient to induce terminal
B lymphocyte differentiation. Despite numerous reports on c-Myc
function, little is known of the precise role of this protein in ter-
minal B cell differentiation.

In this study, we analyzed c-Myc function in terminal B cell
differentiation in primary B lymphocytes in vivo. Our findings
show that c-Myc is necessary for the generation of fully differ-
entiated ASC, normal IgM secretion, and isotype switching.
Moreover, c-Myc transcriptionally regulates the gene for AID
(aicda) (5), linking cell proliferation and CSR. Finally, we found
that the immune response to TI and TD Ags are largely Myc-
dependent. Our results provide unexpected insights into c-Myc
function in terminal B cell differentiation, and they show the
importance of this transcription factor as a key effector of the
humoral response.

Materials and Methods

Generation of c-myc™”™ mice

The generation of c-myc™ (c-myc™:cd19°* ; rosa269""9P) mice has been
reported (26, 27).

Immunization

Six- to 8-wk-old mice were immunized i.p. with 200 g 2,4,6-trinitrophenyl
hapten (TNP)-keyhole limpet hemocyanin (KLH) (Biosearch Technolo-
gies) in aluminum hydroxide (Pierce) at a 1:1 ratio in 0.2 ml PBS. For the
memory response, the same TNP-KLH dose was given 4 wk after the
initial dose, and mice were analyzed 12 d after secondary immunization.
For TI responses, mice received i.v. injections of 3 pg LPS (Sigma-
Aldrich) and were analyzed 3 d later. Mice were bled weekly to obtain
serum.

Flow cytometry

Single-cell suspensions were incubated in NH,Cl buffer to lyse erythro-
cytes and in Ab stained in PBS with 2% FBS. Abs used were from
eBioscience (anti-B220-PE-Cy7, GL-7-biotin) and BD Pharmingen
(B220-Pacific Blue, IgGl-PE, IgG3-PE, IgG2b-PE, IgE-PE, Gr-1-
allophycocyanin, F4/80-allophycocyanin, IgD-Alexa 647, CD38-Alexa
700, CD23-PE, CD21-allophycocyanin, CD69-biotin, CD25-PE, CD138-
biotin, and IgM-allophycocyanin). Biotinylated Abs were developed with
streptavidin-PE or streptavidin-PE-Cy7 (BD Pharmingen). To detect TNP-
specific memory B cells by flow cytometry, we used TNP-BSA-biotin
(Biosearch Technologies); for intracellular staining, we used an Intra-
Prep kit (Beckman Coulter) and stained cells with anti-IgM-PE. We
monitored cell proliferation with the CellTrace Violet cell proliferation kit
(Invitrogen).

B cell purification and culture

Freshly isolated splenocytes were stained with anti-B220-PE-Cy7 in PBS
with 2% FBS. B220"GFP* cells were purified (>97% purity) on a FAC-
SAria IIu sorter (BD Biosciences, San Jose CA). Sorted B lymphocytes
were plated (105 cells/well) in RPMI 1640 medium with 15% FBS, 2-ME,
and penicillin/streptomycin. TI-like stimulation was performed with 20
pg/ml LPS (Sigma-Aldrich), and TD-like stimulation was performed with
20 ng/ml IL-4 (R&D Systems) and 10 ng/ml anti-CD40 Ab (BD Phar-
mingen). Activated cells and supernatants were harvested after 1, 3, or
4 d in culture.

ELISA

Assays were performed following standard protocols using goat anti-mouse
IgM Ab (SouthernBiotech). Anti-Igk-HRP (HRP clone 187.1; South-
ernBiotech) secondary Ab was developed with Sigmafast OPD (Sigma-
Aldrich). For IgG1 and IgG2b, plates were coated with purified anti-Igk
and developed with specific biotinylated Abs for each isotype (BD Phar-
mingen). For IgE, plates were coated with purified anti-IgE, followed by
biotinylated anti-IgE (SouthernBiotech). Plates were developed using
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streptavidin-HRP (BD Pharmingen). For detection of TNP-specific Abs,
plates were coated with TNP-BSA (10 pg/ml; Biosearch Technologies)
in PBS. Biotinylated anti-IgM (SouthernBiotech), IgG2a, or IgGl (BD
Pharmingen) were used as secondary Abs. For TNP-specific IgE, plates
were coated with purified anti-IgE, and samples were incubated with TNP-
BSA-biotin (Biosearch Technologies).

ELISPOT

Plates were coated with goat anti-mouse IgM (BD Pharmingen), washed,
and triplicates of 3-fold serially diluted B220"GFP" spleen cells were
plated in RPMI 1640 with 1% FBS. Cells were incubated (37°C, over-
night), then lysed, incubated (60 min, 37°C) with anti-Igk-alkaline phos-
phatase (BD Pharmingen), and developed with 5-bromo-4-chloro-3-indolyl
phosphate/AMP buffer (Sigma-Aldrich) in 3% low-melt agarose. The
number of spots was counted from triplicates corresponding to two serial
dilutions (six wells per sample) and the surface was measured with an AID
ELISPOT reader and AID ELISPOT software (Autoimmun Diagnostika).

Immunoprecipitation and Western blot

Pooled supernatant from five wells (1 ml medium) was harvested 3 or
4 d after activation, and total secreted IgM was immunoprecipitated with
goat anti-mouse IgM (BD Pharmingen). Remaining supernatant was
immunoprecipitated again as a control. Ab-bound IgM was precipitated
with Protein A/G PLUS-Agarose beads (Santa Cruz Biotechnology),
washed in PBS with proteinase inhibitors, and bound protein was eluted
(95°C). Supernatants were resolved in 10% SDS-PAGE and transferred to
polyvinylidene difluoride membranes. Blots were incubated with HRP goat
anti-mouse IgM (Sigma-Aldrich) and developed with Chemiluminiscence
Reagent Plus (PerkinElmer).

Immunofluorescence

For spleen cryosections, mice were sacrificed 10 d after the second im-
munization. One-half of the spleen was snap-frozen in isopentane precooled
in liquid nitrogen and stored at —80°C. Sections (10 wm) were prepared on
a cryostat and acetone-fixed (room temperature, 10 min) before staining.
For paraffin sections, half-spleens were fixed in 4% paraformaldehyde in
PBS (room temperature, 2-3 h), followed by 70% ethanol (4°C, overnight).
Sections (5 wm) were deparaffinized before H&E staining. Cryosections
were blocked for endogenous peroxidase activity (70% methanol with
0.3% H,0,), for endogenous biotin (avidin/biotin blocking kit; Dako), and
for nonspecific Ab binding (10% goat serum). Sections were stained with
rabbit anti-GFP (ab290), rabbit anti-Cre Ab (Covance), monoclonal rat
anti-mouse B220 (SouthernBiotech), biotinylated anti-MOMAI (Dianova),
and/or peanut agglutinin (PNA)-biotin (Vector Laboratories). Goat anti-
rabbit IgG-HRP (Santa Cruz Biotechnology) and Cy5 mouse anti-rat
IgG were used as secondary Abs. Sections were stained with tyramide-
FITC (for HRP; PerkinElmer) and streptavidin-Cyn3 (Jackson Immu-
noResearch). Slides were mounted in Vectashield with DAPI (Vector
Laboratories) and images were acquired on a Olympus confocal micro-
scope.

Gene expression analysis

Anti-CD40 plus IL-4—stimulated B220*syndecan-1~GFP* and B220"syn-
decan-1*GFP™ cells were purified by cell sorting. Total RNA was extracted
using the RNeasy Micro kit (Qiagen) and cDNA was generated with avian
myeloblastosis virus reverse transcriptase using random hexamers
(Promega). cDNA was used for real-time PCR with specific primers and
internal probes for each gene in custom-designed TagMan Express plates
(Applied Biosystems). PCR was performed in an ABI Prism 7700 and
results were analyzed with SDS software version 1.9. Relative gene ex-
pression was normalized to (-actin.

Luciferase activity assay

Murine aicda regions were amplified by PCR using the following primers:
for region 1 (R1), forward, 5'-GAAGATCTTGTGTCTCAGTATGTCAT-
TCC-3', reverse, 5'-ATGCCATGGGGAGCACATGCACAAGCAGAT-3';
for region 4 (R4), forward, 5'-GACGCGTGGAACTCTCTGTAACCTC-
GGGC-3', reverse, 5'-CGACGCGTGCAAGGCAGCGAGGACAGAG-3';
for intron-1 (I1) region, forward, 5'-CGCGGATCCGACAGTGGAGAG-
ACACAG-3', reverse, 5'-CCGCTCGAGGGTAAGGAGGACTTTGCTA-
G-3’ cloned into the pGL3-control vector (Promega), up- or downstream of
the luciferase gene, to generate the vectors pGL3-R1, pGL3-R1-R4, or
pGL3-R1-R4-I1. All constructs were sequenced. For luciferase assays,
M12 cells were cotransfected with 10 pg reporter or control vector, 2 pg
pRL-TK.Renilla, and pRV-IRES-c-Myc-GFP expression vector. Activity
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was normalized to Renilla luciferase. At 18 h after transfection, firefly and
Renilla activities were measured using the Dual-Luciferase reporter assay
(Promega). For luciferase reporter assays in the P493.6 human B cell line,
c-Myc was inhibited by adding tetracycline (1 wg/ml) after transfection.

Chromatin immunoprecipitation assays

Experiments were performed according to the chromatin immunoprecipi-
tation assay kit protocol (Active Motif). M12 cells were crosslinked with 1%
formaldehyde and incubated (room temperature, 10 min). Rabbit polyclonal
anti-c-Myc N262 Ab (sc-764; Santa Cruz Biotechnology) or preimmune
serum was used to precipitate chromatin from 10° cells. Immunoprecipi-
tated DNA and input samples were analyzed with the SYBR Green RT-
PCR kit (Applied Biosystems), and percentage enrichment relative to the
amount of input chromatin was determined as 2t Pt = Ct AP primerg
flanking E-boxl were AID.EBI, forward, 5'-GAGACCGCCAGCCCC-
TCA-3', reverse, 5'-GCTGAGTTTTGGACATCTGG-3'.

Primers for circle transcripts. Primers for circle transcripts (CT) were: Iy1,
forward, 5'-TCGAGAAGCCTGAGGAATGT-3’, and Cp, reverse, 5'-
TGGTGCTGGGCAGGAAGT-3'.

Statistical analysis

Statistical significance was determined with a two-tailed Student ¢ test.

Results
c-Myc is necessary for in vitro differentiation to B220"
syndecan-1* cells

To study the role of c-Myc in the generation of ASC and memory
B lymphocytes in vivo, we used the c-nyc™;cd19°™* ;rosa2657/¢
conditional mouse model (c-myc™" hereafter). Briefly, c-myc™
expresses the Cre recombinase under the c¢d/9 endogenous pro-
moter, deletes c-myc, and specifically activates the GFP reporter in
B cells (26, 27).

Terminal B lymphocyte differentiation can be mimicked in vitro
by activation with TI or TD stimuli such as LPS or anti-CD40 plus
IL-4, respectively. To determine whether c-Myc is necessary for the
generation of terminally differentiated B cells, we isolated B220"
GFP* cells from spleens of c-myc™ and control c-myc™*;cd19°*;
r0sa2657&P mice (c-myc”*) by cell sorting. Plasmablasts generated
in vitro can be identified by the B220syndecan-1* surface phenotype
(31). Flow cytometry analysis showed that after in vitro activation
with LPS or anti-CD40 plus IL-4, c-Myc—deficient B lymphocytes
did not generate B220"syndecan-17 cells (c-myc”* versus c-myc™”,
7.4 versus 0.4% and 2.9 versus 0.1%, respectively; Fig. 1). Surface
levels of the CD69 activation marker were similar in c-Myc—defi-
cient B lymphocytes (GFP*) and in control cells (Supplemental
Fig. 1A).

c-Myc—deficient B lymphocytes show severely impaired cell
proliferation as well as apoptosis resistance (26, 27). We observed
consistent lack of proliferation in c-Myc—deficient B lymphocytes
after in vitro stimulation with anti-CD40 plus IL-4 (Supplemental
Fig. 1B). We concluded that these lymphocytes neither proliferate
nor differentiate into B220"syndecan-1* cells.

c-Myc—deficient B lymphocytes hypersecrete IgM

Our data showed that c-Myc—deficient mature B lymphocytes were
unable to generate the typical B220"syndecan-1* cells. However,
to determine whether functional ASC with an atypical surface
phenotype may be generated upon activation, we measured the
amount of IgM by ELISA in the supernatants of cultured cells;
IgM levels were similar for mutant and control cells (Fig. 2A).
ELISPOT quantification of ASC number in these cultures indi-
cated an ~6-fold decrease in total ASC per well for c-Myc—deficient
B lymphocytes compared with controls (697.9 * 335.6 versus
4396.4 = 1006.2 ASC/well, respectively; Fig. 2B). c-Myc—deficient
B lymphocytes thus generate fewer, although functional, IgM-
secreting cells than do controls.

6137

A c-myci/+ c-mycf/l

0.4%

B220

B c-mycil/+ c-mycifl

0.1%

-1

B220

FIGURE 1. c-Myc is needed for terminal B cell differentiation. (A and
B) c-Myc is necessary for the generation of B220"°syndecan-1* cells
in vitro. Sorted B220*GFP* spleen cells from c-myc™" and c-myc™* mice
were activated with LPS (A) or anti-CD40 plus IL-4 (B) and analyzed by
flow cytometry 4 d later. For (A) and (B), we analyzed 12 mice per ge-
notype, with similar results.

To account for similar IgM levels with fewer ASC, mutant B
lymphocytes must secrete more IgM per cell and/or begin se-
creting earlier than control cells after stimulation. In ELISPOT, we
observed comparable secretion kinetics by mutant and control ASC
(Supplemental Fig. 1C). To analyze whether mutant ASC secreted
more IgM per cell, we used several approaches. We measured the
area of spots generated in the ELISPOT assay and found a 1.5-fold
increase in spot area from c-Myc—deficient compared with control
ASC (0.0502 = 0.0058 versus 0.0286 = 0.0004 mm?; Fig. 2C,
Supplemental Fig. 1D). As c-Myc—deficient B lymphocyte cul-
tures had 6-fold fewer ASC than did controls, and Ig levels in
ELISA were similar in both cultures, average IgM secretion per
ASC was 3-fold higher in mutant than in control cells (661.0 *
55.9 versus 219.9 * 19.7 pg/10° ASC; Supplemental Fig. 1E).
Consistent with these results, immunoprecipitation experiments
indicated similar amounts of IgM in c-Myc—deficient and control
B lymphocyte supernatants (Supplemental Fig. 1F). Finally, in-
tracellular staining showed increased IgM in c-Myc—deficient
compared with control B cells (Fig. 2D). Ig hypersecretion was
restricted to IgM, as we detected no IgG1 or IgE in mutant cell
culture supernatants by ELISA (Fig. 2E, 2F). Based on these data,
we concluded that after in vitro stimulation, c-Myc—deficient ASC
hypersecrete IgM and do not secrete IgG1 or IgE.

c-Myc—deficient B cells do not generate GC

We next examined the immune response against TD and TI Ags in
the context of c-Myc deficiency. With this aim in mind, we im-
munized c—mycﬂ/ﬂ and control mice with TD (TNP-KLH) or TI
Ags (LPS) and analyzed them by flow cytometry. In our model,
the GFP reporter identifies c-myc—deleted (GFP*) B cells that
undergo Cre-mediated deletion. As observed in our in vitro results
(Fig. 1), generation of spleen B220"°syndecan-1*GFP* ASC was
impaired in c-mycﬂ/ﬂ mice compared with controls after LPS (0.3
versus 1.8%) or TNP-KLH challenge (0.4 versus 1.2%) (Fig. 3A,
3B). As for spleen, c-myc™ mouse bone marrow showed no long-
lived ASC (Supplemental Fig. 2A, 2B). Serum anti-TNP Ab levels
were similar in c-myc™ and control mice, probably due to the
presence of nondeleted B lymphocytes in the mutant mice (Sup-
plemental Fig. 2C). c-Myc is therefore necessary for ASC gen-
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FIGURE 2. c-Myc—deficient B lymphocytes hypersecrete IgM. (A) IgM
in supernatants from B lymphocyte cultures activated as in Fig. 1 B,
quantified by ELISA at day 4. Sorted B220"GFP" spleen cells were used
(10%; >97% purity) (c-myc™*, n = 14; c-mycd™, n = 15; p = 0.3). (B)
Number of IgM ASC per well quantified by ELISPOT (n = 9; ***p <
0.001). Sorted B220"GFP* spleen cells were activated as in Fig. 1B for 3 d.
(€) Mean area of spots of cells from (B). Triplicates from serial doubling
dilutions (>200 spots) were counted (n = 3; **p < 0.01). (D) Intracellular
IgM staining of B lymphocytes sorted and activated as in Fig. 1B. 1.C,,
isotype control. Peak values are expressed as mean * SD; c-myc”*, 20.26 +
0.81 and c-myd 52.33 + 8.82 (n = 3; **p < 0.01). (E and F) ELISA
quantification of IgGl (E) or IgE (F) in supernatants from cultures of B
lymphocytes activated as in Fig. 1B (IgG1, n = 11; IgE, n = 7; p < 0.001).

eration during a TD or TI immune response. Naive B cells that
arrive from bone marrow can home to specific areas in secondary
lymphoid organs, and thus become marginal zone (MZ; CD23'"
CD21") or follicular (FO) B cells (CD23"CD21") (32). We an-
alyzed these populations in the spleen of c-myc™ mice by flow
cytometry and observed a decrease in absolute numbers of MZ
and FO B cells in preimmunized and immunized c-myc™ mice
compared with control mice (MZ, 6.2 X 10* versus 2.4 X 10° ;
FO, 3.5 X 10° versus 1.2 X 10° for immunized mice). In relative
numbers, we also found an altered MZ/FO ratio in mutant mice
(Supplemental Fig. 3A, 3B). In accordance with these data, im-
munohistochemistry sections showed the near absence of MZ B
cells in c-myc™" mice (Supplemental Fig. 3C—F).

TD responses are characterized by the generation of GC in
secondary lymphoid organs, which contain proliferating B cells
that differentiate into ASC and/or memory B cells (33). c-Myc
overexpression promotes the GC program in Burkitt’s lymphoma
(34), a tumor caused by c-myc translocation. To test GC formation
during a TD response in c-myc™ mice, we analyzed spleen sec-
tions using PNA lectin to identify GC B cells (35) by immuno-
fluorescence, and we found that c—mycﬂ/ﬁ mice generated GC after
TNP-KLH immunization. These GC nonetheless contained mostly
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B220"GFP" (nondeleted) or Cre”~ B cells (Fig. 3C and not shown).
In accordance with this result, flow cytometry analysis of the GC
marker GL-7 on the spleen cell surface showed a decrease in
the B220*GL-7"GFP" cell population in TNP-KLH-immunized
c-mycﬂ/ﬂ mice compared with controls (0.3 versus 1.3%) (Sup-
plemental Fig. 4A, 4B). These results are in agreement with recent
work published by Calado et al. (36) where deletion of c-myc in
GC B cells resulted in complete ablation of GCs in a T cell-de-
pendent response and showed the requirement of c-Myc expres-
sion to maintain GC. We concluded that c-Myc—deficient GFP*
B cells do not generate GC in these mice, and thus c-Myc is
needed for GC formation.

To determine whether c-Myc was necessary for memory B cell
generation, we studied the memory compartment in TNP-KLH-
immunized c-myc™ and control mice. Flow cytometry analysis,
including the CD38 memory marker (37), showed a 26-fold de-
crease in the number of IgG1*TNP*CD38*GFP* cells in spleens
of c-myc™" compared with control mice (Fig. 4). c-Myc is thus
necessary for the generation of a normal memory B cell pool.

Altered transcriptional program in c-Myc—deficient ASC

To address the molecular mechanism by which c-Myc is affecting
the activation of the transcriptional program involved in terminal
B lymphocyte differentiation, we performed gene expression
analysis by quantitative PCR (qPCR). With this aim, we isolated
specific populations of activated B cells at different time points
by cell sorting. Because c-Myc—deficient B lymphocytes do not
generate B220'°syndecan-1"GFP* cells in vitro (Fig. 1), we
compared the gene expression profile of B220*syndecan-1~ GFP*
from c-myc™ with B220"°syndecan-1*GFP* and B220"syndecan-
1~ GFP* cells from control mice at days 1 and 3 after in vitro
stimulation with anti-CD40 plus IL-4 (Fig. 5). Initiation of ASC
differentiation is characterized by induction of the transcription
factor Irf4, necessary for complete ASC differentiation (38, 39). In
our experiments, irf4 remained at basal levels in mutant cells,
whereas it showed a 3-fold increase in the transition from B220"
syndecan-1-GFP* to B220'°syndecan-1"GFP* control cells (Fig.
5). Generation of fully competent ASC requires activation of
Blimp-1, which is partially inhibited by Bcl-6 (13). At day 3 after
anti-CD40 plus IL-4 activation, c-Myc—deficient B220"syndecan-
1~ GFP* cells showed 2-fold higher bcl6 levels and 3-fold lower
pdrml (Blimp-1) expression than controls. Blimp-1 regulates pax5
(40) and this represses xbpl, a transcription factor involved in
ASC differentiation and Ig secretion (19, 20). We found similar
pax5 and xbpl levels in c-Myc—deficient and control B cells (Fig.
5). Although ASC are classically considered nonproliferating
cells, several reports show their capacity for in vitro and in vivo
proliferation (41, 42). In our in vitro conditions, c-myc was in-
duced in control cells, consistent with cell proliferation, whereas
no aicda expression (5) was induced in c-Myc—deficient B
lymphocytes (Fig. 5). Overall, c-Myc—deficient B cells resemble
“preplasmablasts” (14), in which Blimp-1 expression is still low,
Xbp-1 is expressed, and cells can secrete Ab (Fig. 5).

AID is sufficient to restore Ig class switch recombination in
c-Myc—deficient B lymphocytes

Ig class switch recombination (CSR) provides Abs with new ef-
fector functions by changing the IgM C region with a different C
region of the IgH locus. One of the required factors for this process
is AID (aicda) (4). The lack of aicda induction and the absence of
Ig isotypes other than IgM in activated c-Myc—deficient B cell
cultures prompted us to examine CSR in detail (Figs. 2E, 2F, 5).
According to flow cytometry analyses, mutant B cells did not
switch to IgG1 after in vitro stimulation with anti-CD40 plus IL-4
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FIGURE 3. c-Myc—deficient B cells do not generate B220'syndecan-17 cells or GC after immunization. (A) Flow cytometry analysis of B220"°syndecan-
1*GFP* spleen cells from c-myc™ and control mice immunized with LPS or TNP-KLH. (B) Absolute numbers of B220"°syndecan-1*GFP* cells in (A).
Preimmune: c-myc™*, n = 6; c-myc™ n = 4 (*p < 0.05); LPS: c-myc™*, n = 6; c-myd™ n =7 (***p < 0.001); TNP-KLH: c-myc™* and c-myc™ n =4
(*p < 0.05). (€) Immunofluorescence of spleen sections. PNA lectin was used to identify GC B cells and anti-GFP was used to detect c-Myc—deficient cells.
Four to six spleen sections were analyzed per mouse (n = 6). Original magnification X200.

(Fig. 6A, 6B). Germline transcripts must be generated for normal
CSR (4). The fact that Iyl-Cyl germline transcripts were
expressed at normal levels allowed us to test whether AID ex-
pression could restore CSR to IgG1 in c-Myc—deficient B cells
(Fig. 6C). We thus bred c-myc™ with a transgenic mouse that
expresses aicda under the Ig k regulatory elements (/gk-AID

FIGURE 4.

Preimm.

TNP-KLH

B

s c,TNP“ GFP*1gG1+CD38*
. c_mycﬂ/-f-
4.5 4
[Je-myc
~ 4.0
=}
- 3.5 *HE
o —1
~ 3.0
c
3 2.5
o
O 2.04
o 1.5
1.0
0.5]
0.0

mice) (43). The c-myc™":Igk-AID mice generated B lymphocytes
that delete c-myc and express ectopic aicda (Supplemental Fig.
4C, 4D). Flow cytometry showed that AID expression in c-Myc—
deficient B lymphocytes was sufficient for IgG1 switching after
in vitro anti-CD40 plus IL-4 treatment (Fig. 6A). CSR generates
circular DNAs that originate specific transcripts (CT), a hallmark

c-Myc—deficient B cells do not generate memory B cells. (A) In immunized mice 12 d after a second TNP-KLH immunization, TNP-specific
memory B cells from spleen were identified in flow cytometry. We excluded IgM™*, IgD*, Gr-1", F4/80" cells (MIX) and stained for TNP-BSA and the
indicated markers. (B) Absolute number of memory B cells (MIX GFP*CD38"IgG1"TNP*) in (A) (n = 4; ***p < 0.001).
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FIGURE 5. Gene expression analysis of activated c-Myc—deficient B cells in vitro. Sorted B220*GFP* spleen cells from c-myc " and c-myc™* mice

were activated with anti-CD40 plus IL-4 and resorted at days 1 and 3 to isolate B220*syndecan-1~GFP* and/or B220' syndecan—l"GFP+ cells. Mutant cells
did not generate B220"°syndecan-1*GFP* cells. Controls (filled columns) and mutant cells (open columns) are shown. RNA was prepared and gPCR
performed (see Materials and Methods). Results were normalized to B-actin. (n = 6; ***p < 0.001, **p < 0.01, *p < 0.05).

of active CSR (44). To confirm the flow cytometry results using from c-myc™; Igk-AID mice. We observed an ~4-fold increase in
a complementary technique (QPCR) we tested whether CSR cor- y1 CT transcripts in c-myc™;Igk-AID compared with c-nmyc™
related with the presence of y1 CT (Iy — Cu) in B cells cultured mouse B lymphocytes (Fig. 6D). ELISA also showed a 6.8-fold
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FIGURE 6. AID expression is sufficient to induce CSR to IgG1 in c-Myc—deficient B cells. (A) Flow cytometry analysis of sorted B220*GFP™" spleen
cells from c-mycﬂ/ﬂ, c-mycﬁ/ *, and c-myaﬂ/ﬂ;ng-AID and Igk-AID mice activated with anti-CD40 plus IL-4. Cells were stained and analyzed at day 4 after
activation. We analyzed seven mice per genotype, with similar results. (B) Relative numbers of IgG1™ cells in (A) (n = 7; ***p < 0.001). (C) qPCR of
germline transcripts from cells sorted and activated as in (A) (n = 6; ***p < 0.001). (D) Detection of CT. Cells were sorted, activated as in (A), and analyzed
by qPCR at 48 h. Specific primers were used to amplify Iy/-Cu transcripts (n = 3; *p < 0.05). (E) Number of cell divisions in activated B lymphocytes.
Cells were isolated from spleens, stained with a cell tracer, and activated as in Fig. 6A. Flow cytometry was performed at day 4. Nonactivated cells at day
0 were measured as control (bold line). One representative experiment is shown (n = 3). (F) IgG1 in supernatants of cultured B cells activated as in (A) and
measured by ELISA (n = 6; ***p < 0.001, **p < 0.01). (@) Luciferase reporter assays in the c-Myc—inducible human P493.6 B cell line. An outline is
shown of the constructs tested. Values indicate mean * SD (n = 3; **p < 0.01). (H) Chromatin immunoprecipitation in the M12 B cell line. Immuno-
precipitation was performed with anti-c-Myc Ab or preimmune serum (control). Mean * SD are shown (n = 3; *p < 0.05).

increase in IgG1 levels in c-myc™;Igk-AID culture supernatants Cell division number correlates with CSR (45) and with AID
compared with c-myc™" controls (Fig. 6F). AID expression was expression (46). B lymphocytes must undergo a number of cell
therefore sufficient to induce CSR to IgGl in activated c-Myc— divisions before CSR can take place (45). Our previous results

deficient B lymphocytes. LPS activation of c-Myc—deficient (27) and cell counts in c-Myc—deficient B lymphocyte cultures
B cells expressing ectopic AID led to only a slight IgG3 switch suggested that proliferation is required for normal CSR (Supple-
compared with controls (Supplemental Fig. 4E, 4F). mental Fig. 1B). We therefore monitored cell division by flow
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cytometry and observed that in contrast to control cells, c-Myc—
deficient B lymphocytes did not undergo even a single division
(Fig. 6E). These results suggest that cell proliferation is required
for normal levels of CSR.

c-Myc transcriptionally regulates aicda expression

The fact that AID expression was sufficient to induce CSR, al-
though at low levels, in c-Myc—deficient B cells led us to test
whether c-Myc transcriptionally regulates aicda. We screened the
aicda genomic locus by computer analysis and identified a con-
served putative c-Myc regulatory binding site (E-box) in both
humans and mice within R4. R4 is located ~10 kb upstream of the
aicda promoter and has been defined as a cytokine response ele-
ment that regulates aicda expression (47). Luciferase reporter
assays in tetracycline-inducible, c-Myc-expressing human P493.6
B cells and in the murine M12 B cell line indicated that the aicda
promoter alone (R1) was not induced by c-Myc. Nonetheless, use
of a construct bearing R4 and R1 promoter regions led to c-Myc—
dependent transactivation of aicda in both cell lines. A region
located in I1 known for B cell specificity and aicda repression (48)
consistently abolished c-Myc—dependent transactivation (Fig. 6G,
Supplemental Fig. 4G). To test whether c-Myc binds to a genomic
fragment containing R4, we performed chromatin immunopre-
cipitation and found 4-fold enrichment in amplification of geno-
mic fragments containing R4 that were immunoprecipitated by
anti-c-Myc Ab compared with preimmune sera (Fig. 6H). We
conclude that c-Myc binds to R4 and transcriptionally regulates
aicda.

Discussion

In this study we analyzed c-Myc function in terminal B lymphocyte
differentiation of primary cells in vitro and in vivo by using a
c-myc™ mouse model that allows specific c-myc deletion in mature
B lymphocytes. Additionally, this model allows GFP expression—
based in vivo isolation and tracking of c-Myc—deficient B lym-
phocytes. We tested the c-Myc contribution to terminal B lym-
phocyte differentiation in different in vivo and in vitro settings. Our
data identify c-Myc as a key regulator of not only the GC reaction
but also of terminal B cell differentiation, and therefore of the
humoral immune response.

Our results show that c-Myc is needed for B lymphocyte dif-
ferentiation into B220'syndecan-1" cells after LPS or anti-CD40
plus IL-4 stimulation in vitro. c-Myc—deficient B cells did not
downregulate B220 or express the ASC marker syndecan-1" at the
cell surface. Despite this apparent role of c-Myc in terminal B cell
differentiation, the lack of cell proliferation in c-Myc—deficient
B cells cannot rule out this process as the cause for this phenotype.

Using various approaches, we found that despite this apparent
lack of ASC phenotype, c-Myc—deficient B lymphocytes hyper-
secrete IgM. No significant changes were observed in expression
of the tested genes involved in the unfolded protein response (20).
Many hyper-IgM syndromes show CSR defects, and some involve
altered AID expression (49). In our c—mycﬂ/ﬂ mice, the lack of
aicda could contribute to IgM hypersecretion, although the gene
expression profile of c-Myc—deficient B cells argues for more
complex c-Myc regulation. pdrm-1 (Blimp-1) is not induced at
normal levels in these mutants, and the functional interplay be-
tween Irf4, Bcl-6, and Blimp-1 might be important in explaining
this phenotype. The low irf4 levels observed in c-Myc—deficient
B cells might be insufficient to repress Bcl-6. This, as well as the
lack Irf4-dependent activation of Blimp-1 (38), would prevent full
Blimp-1 induction and completion of the ASC differentiation
program. Irf4~’~ B cells do not become B220'syndecan-1* and
do not undergo CSR or generate GD (10), as also observed in our

c-Myc IN TERMINAL B LYMPHOCYTE DIFFERENTIATION

c-Myc—deficient B cells. Only ASC with very high Irf4 levels are
able to induce Blimp-1 and fully differentiate into syndecan-1*
cells (39). We suggest a scenario in which c-Myc acts upstream of
Irf4 to trigger the terminal B cell differentiation program. This
possibility is supported by an observation from Shaffer et al. (50),
who showed that c-Myc binds to 11 of irf4 and activates its ex-
pression in multiple myeloma and activated B cells. We examined
the idea that c-myc repression is required but not sufficient for
ASC differentiation (17) by distinguishing which specific events
that lead to ASC generation can take place in the absence of
c-Myc. We observed that IgM secretion occurs without prolifera-
tion, presumably due to normal expression of Xbp-1, whose levels
are not affected by the lack of c-Myc. Alternatively, the low levels
of Blimp-1 and Irf4 are likely contributing to create a “pre-
plasmablast” (14) phenotype in secreting cells generated from
c-Myc—deficient B cells.

Consistent with our in vitro results, both TD and TI responses
were severely compromised in c-myc™ mice. c-Myc—deficient
B lymphocytes have a severe impairment in the generation of
B220'syndecan-1" cells in response to immunization with either
TNP-KLH or LPS. These results correlated with the pattern of
expression of c-myc during the formation of GC as shown by
Dominguez-Sola et al. (51).

Serum analysis of immunized mice showed no significant dif-
ferences between mutant and control mice for the isotypes tested.
The most likely interpretation of this result is the presence of cells
that have not undergone Cre-mediated deletion (wild-type cells).
The memory pool after TNP-KLH rechallenge is severely reduced
in c-myc™" mice. We cannot rule out a potential c-Myc role in the
differentiation of these cells; however, c-myc deletion can take
place at any time during in vivo differentiation. Additionally,
memory cells have undergone CSR. These characteristics support
our idea that B cells have differentiated into memory B cells be-
fore c-myc deletion and that the lack of expansion/proliferation
results almost in an undetectable number of cells.

MZ B cells originate from an intermediate differentiation stage
(transitional cells) by a cell fate decision between follicular and MZ
cells (52). We observed a significant decrease in MZ c-Myc—de-
ficient B cells, suggesting either dependence on proliferation to
establish a normal MZ pool and/or the implication of c-Myc in
balancing the MZ/FO ratio. In either case, c-Myc is needed for
a normal MZ B cell compartment. This finding implicates c-Myc
in the first stages of the B cell response to blood-borne encapsu-
lated bacterial infections (innate-like immune response), before
different isotypes other than IgM have been generated.

Several reports suggest that CSR and cell proliferation are linked
by an unknown mechanism involving AID (45, 46). The absence of
cell proliferation and CSR in c-Myc—deficient B lymphocytes
provided an ideal context in which to test the relationship be-
tween these two processes. Our data lead to several conclusions.
First, in normal germline conditions, AID is sufficient to restore
CSR in c-Myc—deficient B lymphocytes. Second, normal levels of
CSR required cell proliferation, and thus give rise to only a small
pool of switched cells. The differences in the capacity to restore
switching to different isotypes upon AID ectopic expression could
reflect additional c-Myc roles in B cells. These functions would
affect, for example, the generation of specific germline transcripts
and thus CSR. We next established direct transcriptional regula-
tion of aicda and c-Myc in lymphoid cells by using reporter and
chromatin immunoprecipitation assays; the induction kinetics of
c-myc and gene expression support such an interaction. Moreover,
there is a direct correlation between c-Myc and AID expression in
GC as shown by Dominguez-Sola et al. (51). c-Myc could act as
a physiological link between cell proliferation and CSR, although,

20z Areniged L0 uo1senb Aq 4pd-z1 L00€1/81¥69€EL/SEL9/Z1/06 | /4Pd-8jo1E/jounwwif/Bi0°1ee"s|euinol/:dpy woly pepeojumoq



The Journal of Immunology

as we have shown, these functions can be uncoupled mechanis-
tically. We consider that the link between these two processes
offers a mechanism that promotes expansion of Ag-specific
switching cells and therefore a strong immune response. How-
ever, c-Myc is not only regulating CSR through modulation of
AID expression. Our data strongly suggest that it is controlling
other mechanisms that are essential for a full switching process.
This points out the idea that AID does not need proliferation itself
to promote CSR, but highlights the necessity of studying other
c-Myc (in)direct target genes to explain the whole CSR process
and its regulation.

Using a number of criteria, we show that c-Myc regulates key
processes of terminal B lymphocyte differentiation in primary
B cells. Our data cannot rule out c-Myc—dependent cell prolifer-
ation as a major player in terminal differentiation. However, it is
difficult to explain the phenotype relying on cell proliferation
exclusively. The fact that c-Myc—deficient B cells generate IgM
ASC could suggest additional roles of c-Myc. The gene expression
profile with key regulators of terminal differentiation affected by
the lack of c-Myc favor a more general role of this transcription
factor. Either in reference to cell proliferation or to more specific
functions, c-Myc emerges as a principal player in the generation
of a normal, potent immune response. Finally, identifying the
critical genes that control c-Myc—dependent proliferation is es-
sential to characterize these functions in normal and pathological
situations in B lymphocytes.
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