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follicular B cell development and BCL6-driven
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The IRF and Ets families of transcription factors regulate the expres-
sion of a range of genes involved in immune cell development and
function. However, the understanding of the molecular mechanisms
of each family member has been limited due to their redundancy and
broad effects on multiple lineages of cells. Here, we report that double
deletion of floxed Irf8 and Spi1 (encoding PU.1) by Mb1-Cre (desig-
nated DKO mice) in the B cell lineage resulted in severe defects in the
development of follicular and germinal center (GC) B cells. Class-switch
recombination and antibody affinity maturation were also compro-
mised in DKO mice. RNA-seq (sequencing) and ChIP-seq analyses
revealed distinct IRF8 and PU.1 target genes in follicular and activated
B cells. DKO B cells had diminished expression of target genes vital for
maintaining follicular B cell identity and GC development. Moreover,
our findings reveal that expression of B-cell lymphoma protein 6
(BCL6), which is critical for development of germinal center B cells, is
dependent on IRF8 and PU.1 in vivo, providing a mechanism for the
critical role for IRF8 and PU.1 in the development of GC B cells.

IRF8 | PU.1 | follicular B cells | BCL6 | germinal center

Bcell development in the bone marrow (BM) has been well-
characterized as involving three consecutive stages: (i) B cell
lineage specification and commitment at the pre-pro-B cell stage,
(if) pre-B cell receptor (BCR) expression and selection at the pre-
B cell stage, and (iii) IgM BCR expression and selection at the
immature B cell stage. Several transcription factors are vital for
progression through these stages. For example, EBF, E2A, and
Pax5 are key regulators for B cell lineage commitment and identity
maintenance (1). The IFN regulatory factor (IRF) family mem-
bers IRF4 and IRFS8 and Ets family members PU.1 and SpiB are
essential for Ig light-chain gene expression and the generation of
immature B cells (2-4). Studies of PU.1 null mice demonstrated
that PU.1 is a master regulator of the development of all lymphoid
and myeloid cells (5). Fine-tuning of PU.1 expression levels de-
termines lymphoid (low concentrations of PU.1) versus myeloid
(high concentrations of PU.1) lineage choices (6). By negatively
regulating the expression levels of PU.1, IRFS, which is highly
expressed in lymphoid progenitors, promotes the development of
pre-pro-B cells (4). Understanding how these transcriptional cir-
cuits function is important for developing therapeutic strategies to
treat hematopoietic diseases.

BM-generated immature B cells migrate to the spleen, where
they continue to differentiate into transitional B cells. Studies of
several groups have identified subpopulations of transitional (T) B
cells that map onto two distinct developmental pathways, namely
the T1-premarginal zone (MZ) and T1-T2-T3-follicular (FO)
pathways, leading to the eventual emergence of mature MZ and FO
B cells, respectively (7). While NOTCH (8-13) and BCR signaling
(14-16) have documented roles in determining MZ B cell fate, the
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transcriptional programs that drive MZ vs. FO B cell lineage se-
lection are largely unknown.

Studies using reporter mice have demonstrated that IRFS is
expressed at high levels in all B cell subpopulations except the
plasma cells (PCs) (17). PU.1 is also constitutively expressed in
BM-developing B cells and splenic naive B cells (18). IRF8 binds
very weakly on its own to DNA target sequences but is recruited to
its binding sites with other transcription factors, such as other IRF
family members (IRF1, IRF2, and IRF4) (19-21), Ets family
members (PU.1 and TEL) (22, 23), E47, NFATcl, MIZ1 (24-26),
AP-1 (27, 28), and BATF (29). Our ChIP-on-ChIP analysis of
IRF8 and PU.1 binding sites in lymphomas of germinal center (GC)
origin revealed a large number of target sequences, with almost half
of them being binding sites for the IRF8—PU.1 heterodimer (30).
Given the broad expression patterns and documented functions of
IRF8 and PU.1, deletion of either gene in the B lineage might be
expected to have profound effects on B cell biology. Surpris-
ingly, however, deletion of either IRF8 or PU.1 alone using
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CD19-Cre-mediated gene excision resulted in only minimal
phenotypes (31-33), and immunization with T-dependent an-
tigens resulted in normal antibody responses in these single-
mutant mice (31, 32). In the case of PU.1, the minimal phe-
notype is likely due to redundancy with the closely related
family member SpiB, suggesting that at least one of these Ets
proteins is required for B cell function (34). In contrast, the
importance of the Ets-IRF-binding motifs engaging both
IRF8 and PU.1 in B cell function in vivo is not known, and is
investigated in this study.

Previous studies using mice bearing an Irf8 null allele (I7f87/7)
and a B cell-specific deletion of PU.1 (Spi P"/'Cd19<"*'*) revealed a
negative regulatory role for IRF8 and PU.1 in PC generation (35),
as well as a suppressive function for these factors in the devel-
opment of pre-B cell acute lymphoblastic leukemia (36). Because
Irf87~ mice exhibited multiple deficiencies in myeloid and lym-
phoid systems, including excessive generation of myeloid cells and
diminished Thl immune responses (37-39) which may affect the
developmental outcome of B cells, we felt it was important to
reevaluate the roles of IRF8 and PU.1 in B cell development and
function using a B cell-specific gene inactivation system. Because
Mb1-Cre mice exhibited earlier expression of the Cre gene (at the
pro-B stage) than did the CD19-Cre mice (at the pre-B stage) and
the former mice also showed higher efficiency in deleting floxed
target genes than the latter (40), we used Mb1-Cre-mediated de-
letion of floxed Irf8 and Spil loci in B cells in this study. While the
previous study by Carotta et al. (35) was carried out mostly in
isolated B cells in vitro, we now have focused on analyses of B cell
biology in vivo. We found that while early B cell development in
the BM was unaffected by deficiency of both IRF8 and PU.1
[termed double-knockout (DKO) mice], these DKO mice had
profound defects in FO B cells and GC responses. RNA-seq (se-
quencing) and chromatin immunoprecipitation (ChIP)-seq analy-
ses revealed IRF8/PU.1-regulated genes that were involved in
maintaining the FO B cell phenotype (e.g., Fcer2a and Bach2) and
GC gene programs (e.g., Bcl6). Collectively, our results reveal a
previously unrecognized role of IRFS/PU.1 in late-stage B cell
development.

Results

Impaired B Cell Development in DKO Mice. We generated mice in
which both the Irf8 and Spil genes were inactivated by Mb1-Cre—
mediated recombination (Irf8""Spil""Mb1-Cre, termed DKO
mice). To simplify nomenclature, we herein refer to Irf8""Spi "
littermate control mice as *'*. As expected, IRFS and PU.1 proteins
were undetectable in splenic B cells isolated from the DKO mice
(SI Appendix, Fig. S1).

Flow cytometric analyses of early B cell subpopulations in the
BM revealed no significant differences in Hardy fractions A
through E (41) between DKO and ** control mice (Fig. 1A4).
However, DKO mice had almost no fraction F (mature recir-
culating) B cells (Fig. 14). In spleens, the frequencies and total
cell numbers of IgM'”~IgD™ FO B cells were significantly re-
duced, whereas those of MZ B cells (IgM"CD21%) were mod-
estly increased in DKO mice compared with ** controls (Fig.
1B). The numbers of AA4.1* transitional B cells were similar
between the two groups (Fig. 1B). Immunofluorescence staining
of spleen sections revealed normal organization of B cell follicles
but with diminished FO and expanded MZ B cell compartments
in DKO mice (Fig. 1C), consistent with the flow cytometry data
(Fig. 1B).

Although the frequencies of total B cells in the peritoneum
were similar between DKO and */* mice, the frequencies of B 1a
cells were markedly reduced and the B-2/B-1b cells were in-
creased in DKO mice (Fig. 1D). It is worth noting that expres-
sion of CD23, an identity marker of FO/B-2 cells and a known
PU.1 target gene (42), was markedly decreased in splenic and
lymph node B cells of DKO mice (S7 Appendix, Fig. S2A4), which
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prevented the use of CD23 as a valid marker for defining
transitional and FO B cells in DKO mice. We therefore used
staining for IgM, IgD, CD21, and AA4.1 to identify FO B cells.
In addition, the expression levels of B220 and CD11b were also
down-regulated in B cells (SI Appendix, Fig. S2), which limited
the use of B220 and CD11b for defining B-1b and B-2 cells in the
peritoneum. Nevertheless, the reduction of IgD* B cells in the
peritoneum and the fraction F cells in the BM of DKO mice
supported a global defect of FO B cell differentiation in DKO
mice. Taken together, we conclude that deficiencies in both
IRF8 and PU.1 resulted in a profound blockade in FO and B-1a
B cell development.

During our analyses, we also examined littermate mice with a
genotype of floxed IRFS8 only, PU.1 only, or IRF8/PU.1 het-
erozygous with or without Mbl-Cre (SI Appendix, Table S1).
While Mb1-Cre-mediated PU.1 deletion alone did not affect B
cell distribution in the BM, Mb1-Cre-mediated IRF8 deletion
alone appeared to induce a moderate reduction in fraction D, E,
and F cells compared with Mb1-Cre controls. This was not ob-
served in Irf8”’CD19-Cre mice (31), possibly due to inefficient
deletion of IrfS§ by CD19-Cre in early B cells (see later discus-
sion). The lack of significant alterations in early and immature B
cells in DKO mice potentially could be due to compensation by
transcription factors SpiB and IRF4, which have overlapping
functions with PU.1 and IRFS, respectively, in B cell develop-
ment (34, 36). In addition, the Mb1-Cre transgene appeared not
to affect B cell numbers in the BM (SI Appendix, Table S1),
consistent with a previous report (43).

The FO B Cells in DKO Mice Are Short-Lived. To determine whether
the diminished numbers of FO B cells in DKO mice were due to
increased cell death, we employed a standard in vivo BrdU la-
beling assay to measure the cellular turnover rate over a period
of 10 d. As shown in Fig. 24, the numbers of BrdU* FO B cells in
DKO mice were significantly higher than in ** controls
throughout the 10-d observation period. In contrast, the BrdU
incorporation rates of MZ B cells in DKO mice were essentially
equivalent to those of ** controls. We also examined the apo-
ptosis of ex vivo splenic B cells by detecting caspase activation
using a fluorescent irreversible inhibitor of caspases (Casp-
GLOW) that binds to activated caspase 8. As shown in Fig. 2B,
DKO B cells including both the MZ/T1 (CD19*1gM*IgD™) and
FO (CD19"IgMIgD™") subsets exhibited a significant increase in
the fraction of cells stained as CaspGLOW™. Finally, we per-
formed TUNEL assays to detect apoptotic cells in splenocytes of +*+
and DKO mice and found a similar increase in apoptotic cells
in DKO compared with controls (Fig. 2C). Consistent with the
occurrence of enhanced apoptosis in DKO B cells in vivo, we
also observed decreased viability in cultured DKO FO B cells
compared with ** controls (Fig. 2D). Taken together, these
results demonstrated that DKO FO B cells exhibited increased
apoptosis and in vivo turnover compared with ** controls.

Impaired T-Independent Inmune Responses in DKO Mice. The major
changes in the distribution of B cell subpopulations in DKO mice
prompted us to examine serum Ig titers (44, 45). Under baseline
conditions, DKO mice tended to have higher serum levels of
IgM (Fig. 3) and comparable levels of IgA, IgG1, and IgG3 but
significantly lower levels of IgG2b and IgG2c compared with **
controls (Fig. 34). This indicated that class switching to IgG2b
and IgG2c was significantly affected by the absence of IRFS8/
PU.1. Following challenge with a T-independent antigen, NP-
Ficoll, both DKO and ** mice had significantly increased lev-
els of total and NP-specific IgM but only slightly increased levels
of total IgM (Fig. 3B). Although immunized ** mice had sig-
nificantly increased levels of NP-specific IgG3 antibodies, DKO
mice had only low levels (P < 0.05) (Fig. 3B), indicating that
IgG3 class switching was also impaired in DKO mice.
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Disrupted Germinal Center Responses in DKO Mice. To determine
whether IRF8 and PU.1 are required for T-dependent immune
responses, we immunized DKO and control mice with NP-KLH
in alum and quantified PC production by enzyme-linked immu-
nospot (ELISpot) assays. Seven days following immunization,
the number of NP-specific IgM-secreting PCs was higher in
DKO mice than ** controls (Fig. 44), consistent with a previous
report using Irf8~~Spi""CD19“"'* mice (35). Fourteen days
following immunization, the number of NP* IgM-secreting PCs
still tended to be higher in DKO mice than ** controls (Fig. 44).
However, the numbers of NP* IgGl-secreting PCs, while not
lower in the spleen, were much lower in the BM of DKO mice
than ** controls (Fig. 4B). The localization of splenic PCs was
found to be in the extrafollicular regions of both mice (SI Ap-
pendix, Fig. S3). Strikingly, DKO mice did not generate GCs as
assessed either by flow cytometry to detect B220"GL7*FAS*
GCs in splenocytes of immunized DKO mice (Fig. 4C) or by
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Fig. 1. Impact of IRF8/PU.1 loss on B cell subset com-
position. (A, B, and D) Representative flow cytometry
plots of BM (A), spleen (B), and peritoneum (PerC) (D) B
cell subsets in DKO and ** mice. Cells were gated on
live lymphocytes. The numbers are percentages of cells
: B/Ro falling in each gate. Mean is shown as a horizontal line.

Each dot represents a mouse. *P < 0.05, ***P < 0.001,
**%%P < 0.0001. (C) Representative immunohistochem-
ical staining of spleen sections from the indicated mice.
CD3, blue; MOMA, green; IgM, red. (Scale bars, 50 pm.)
B, B cell zone [including FO B cells and some shuttling
MZ B cells (74)]; MZB, MZ B cells; T, T cell zone.

immunohistochemical staining of spleen sections with PNA (Fig.
4D). Additionally, mesenteric lymph nodes (MLNs), sites enriched
with spontaneous GCs, also had few if any visible PNA* GCs in
DKO mice compared with massive dense PNA™ GCs in *'* con-
trols (Fig. 4D). Taken together, these data demonstrated that the
absence of IRF8 and PU.1 enhanced IgM PC development but
ablated GC formation.

Consistent with a lack of GCs in DKO mice, generation of
antigen-specific class-switched antibodies was also compromised
following immunization with NP-KLH. The serum levels of NP-
specific 1gG1, IgG2b, IgG2c, and IgG3 antibodies were also
markedly reduced in DKO mice compared with ** controls (Fig.
5A). The levels of NP-specific IgG1 and IgG2b remained low in
DKO mice over the 17-wk period following immunization (Fig. 5B).

Generation of high-affinity antibodies is the hallmark of a GC
reaction. The lack of GCs in DKO mice prompted us to determine
whether IRF8 and PU.1 deficiency would affect production of
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Fig. 2. Short half-life of FO B cells in DKO mice. (A) Mice were fed with BrdU in
drinking water for 10 d. Incorporation of BrdU by FO (CD19*IgD*IgM~CD21")
and MZ (CD19*IgD IgMMCD21*) B cells was measured by flow cytometry. Two
to four (day 3) and three to seven (day 5 to 10) mice were analyzed. Data are
mean + SEM. *P < 0.05, **P < 0.01, ***P < 0.001. (B) The frequencies of splenic
B cells that are caspase 8" among splenic CD19%IgM*IgD™ (mostly MZ and
T1 and T2) and CD19%IgM~IgD™ (mostly FO) cells from the indicated mice are
quantified. Each symbol represents one mouse. *P < 0.05, **P < 0.01. (C)
Splenocytes were stained with TUNEL reagents and analyzed by flow cytom-
etry. The numbers are frequencies of total splenocytes falling in each gate. Each
symbol represents one mouse. **P < 0.01. (D) Purified splenic B cells were
cultured in 10% complete RPMI 1640 medium for the indicated times. Cells
were stained with 7AAD and analyzed by flow cytometry. The viable cells were
defined as 7AAD™. Data are mean + SE of three mice. *P < 0.05.

high-affinity antibodies. We measured serum titers of high-affinity
(NP4-reactive) and low-affinity (NP,s-reactive) antibodies by
ELISA. As shown in Fig. 5C, the ratios of NP,/NP,s IgM and
IgG1 were significantly lower in DKO mice than in *'* controls,
indicating that affinity maturation of IgM and IgG1 antibodies was
impaired in DKO mice.

Interestingly, the greatly impaired production of class-switched
antibodies in immunized DKO mice was in marked contrast to the
previous report using Irf8~~Spil’’CD19-Cre mice that showed
increased class switching in vitro (35). To clarify this discrepancy,
we stimulated purified B cells from DKO and ** mice with anti-
CD40 plus IL-4 and IL-5. Consistent with previous findings (35),
DKO B cells exhibited slightly increased generation of IgG1" B
cells compared with controls. The development of CD138" PCs
was also enhanced in DKO cells (SI Appendix, Fig. S44). The
proliferation patterns revealed by dilution of the cell tracer CFSE
were comparable between DKO and control B cells, but the via-
bility was reduced by 50% in DKO B cells compared with **
controls. Based on this result, we propose that the lack of class
switching in immunized DKO mice is most likely due to an overall
low magnitude of GC responses rather than an inability of DKO B
cells to undergo class switching. Interestingly, Aicda (encoding

9514 ' | www.pnas.org/cgi/doi/10.1073/pnas.1901258116

AID) expression was increased in stimulated DKO B cells in vitro
(SI Appendix, Fig. S4B) (35), consistent with their increased gen-
eration of IgG1* cells (SI Appendix, Fig. S44) (35). Our previous
studies showed that Aicda is a target of IRF8 in human B cells,
IRF8 promoting Aicda expression in a reporter assay (46). How-
ever, our current findings suggest that IRF8 and PU.1 may restrain
Aicda expression in activated mouse B cells. These data are fur-
ther complicated by the observation that affinity maturation of
NP-specific IgM antibodies, a process requiring AID, was de-
creased in DKO mice (Fig. 5C). How Aicda is regulated by
IRF8 and PU.1 in vivo remains an open question, as our ChIP-seq
analysis revealed only weak PU.1 peaks and no statistically sig-
nificant IRF8 peaks at the Aicda locus (SI Appendix, Fig. S5).
Nevertheless, our data collectively suggest that IRF8 and PU.1
are required to promote GC formation and antibody affinity
maturation.

IRF8 and PU.1 Regulate Gene Programs for FO and GC B Cell
Development. The marked reduction of FO B cell numbers in
DKO mice prompted us to investigate the molecular pro-
cesses that distinguish DKO and *'* FO B cells. We sort-purified
B220"AA4.1 IgM IgD*CD21~ FO B cells from spleens and per-
formed transcriptomic analyses using RNA sequencing. By using
stringent criteria including differences with a twofold or greater
change of expression, expression abundance of at least 5 RPKMs
(reads per kilobase of transcript per million mapped reads), and
P value < 0.05, we identified 664 genes that were differentially
expressed between ** and DKO FO B cells (146 up-regulated
and 518 down-regulated in DKO cells) (Fig. 64 and Dataset S1).
The most prominent genes down-regulated in DKO FO B cells
included the FO B cell identity marker Fcer2a (encoding CD23)
and Faim3 (encoding the IgM Fc receptor) (47, 48) and the cell
homing and activation markers Cxcr4, CdS83, Ly86, Ccr6, Sell
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Fig. 3. Impaired antibody production in DKO mice. (A) Serum Ig levels of
naive DKO and ** mice were measured by ELISA. (B) Mice were immunized
with NP-Ficoll and analyzed 7 d later. Antigen-specific antibodies were mea-
sured by ELISA. Mean is shown as a horizontal line +SEM. Each dot represents a
mouse. *P < 0.05, **P < 0.01; ns, not significant.
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Fig. 4. IRF8/PU.1 are essential for GC formation. DKO and ** mice were
immunized i.p. with NP-KLH and alum and analyzed after 7 or 14 d. (A)
Splenic NP-specific IgM PCs were quantified by ELISpot. (B) NP-specific IgM
PCs in spleen and BM were quantified by ELISpot. The images represent wells
containing typical PCs. (C) Splenocytes were stained with anti-B220, GL7, and
FAS. Cells were gated on B220* lymphocytes. The numbers are percentages
of cells falling in each gate. (C, Right) A summary of multiple mice. Each dot
represents a mouse (A-C). Mean is shown as a horizontal line +SEM. Data are
representative of four independent experiments. *P < 0.05, **P < 0.01. (D)
Immunohistochemical staining for PNA on paraffin-embedded serial sections
of spleens and mesenteric lymph nodes. n = 4 per group. (Original magni-
fications, 10x.) Specific staining is shown in brown, and hematoxylin and
eosin counterstaining is in blue.

(encoding CD62L), and Cd40 (Fig. 6B). We confirmed differ-
ential expression of some of these genes at the protein level by
flow cytometry (SI Appendix, Fig. S6). In addition, several tran-
scription factors implicated in promoting and maintaining the B
cell program, including Bcl6, Mef2c, Rel, and Bach2, were sig-
nificantly decreased in DKO FO B cells (Fig. 6B). Interestingly,
some of the altered genes, such as Bcl6, Mef2c, Fcer2a, and CdS3,
were also observed in the previous report using B cells isolated
from Irf8 = Spil™"Cd19“" mice (35), with Bel6 known to be a
direct target of IRFS (46). Moreover, the mRNA levels of Tnfisfl3b

Wang et al.

(encoding TACI)

and Tnfisfl3c (encoding BAFF-R), which play

pivotal roles in survival of FO B cells (49), were not altered by the
absence of IRFS8 and PU.1 (SI Appendix, Fig. S7), arguing against a
possibility that a defective BAFF system may cause the deficiency
of FO B cells in DKO mice. However, it remains to be determined
whether the BAFF-R signaling pathway was affected by the PU.1/
IRF8 mutation and/or whether exogenous BAFF could rescue the
FO B cell survival in DKO mice.

Ontology-based functional enrichment analyses of the down-
regulated genes led to identification of two sets of genes, af-
fecting either ubiquitin ligase expression or apoptotic processes
(Fig. 6C). The Bcl2 family genes Bcl2, Bcl2ala, Bcl2alb, and
Bcl2ald that are known to be critical for cell survival (50, 51)
were significantly down-regulated in DKO B cells (Fig. 6C). This
is consistent with the increased apoptosis and decreased survival
of DKO B cells identified in vivo and in vitro (Fig. 2). Although
we did not identify significant numbers of genes that belong to
the BCR signaling and PC differentiation pathways, we observed
a dramatic enrichment of genes involved in metabolic and cel-
lular processes (Fig. 6D). These data suggested that IRF8 and

PU.1 control the

expression of a large number of genes with

broad functions that might be important for the FO B cell pro-

gram, particularly cell survival.

ChIP-seq analyses using naive FO B cells identified nearly
8,000 IRF8 binding sites and 23,000 PU.1 binding sites (Fig. 74
and Dataset S2). There are several consensus binding sequences
for IRF8 and PU.1. The canonical IFN-stimulated response el-
ement (ISRE) sequence motif (5-GAAANNGAAA-3’) contains
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two IRF binding sites (GAAA). The Ets-binding motif (GGAA)
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Severely impaired T-dependent antibody responses in DKO mice. (A

and B) Mice were immunized with NP-KLH and alum and analyzed 2 wk (A) or
up to 17 wk (B) later. Serum levels of NP-specific antibodies were measured by
ELISA. Each dot represents a mouse. ***P < 0.001. Error bars represent mean +

SEM of four to six
IgG1 antibodies were

mice per group (B). (C) Serum NP-specific IgM and
measured by ELISA for high (against NP,-BSA) and low

(NP,6-BSA) affinity binding. Error bars are mean + SEM of eight or nine mice per

group. *P < 0.05, **P

< 0.01.
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is found in the Ets-IRF composite element (EICE) [5'-
GGAANNGAAA-3' (22)] and the IRF-Ets composite sequence
(IECS) [5'-GAAANN[N]GGAA-3’" (52)]. About 80% of
IRFS8 binding sites were shared with PU.1, indicating a strong
partnership between IRF8 and PU.1 in controlling the FO B cell
gene program. Consistent with this view, 43% of differently
expressed genes identified by RNA-seq were direct targets of the
IRF8-PU.1 heterodimer (Fig. 74). These included Fcer2a, Bcl6,
Mef2c, Ly86, Rel, Cxcr4, Bach2, and Cd83. In previous reports,
Bcl6 and Mef2c were shown to be direct targets of IRF8 and
PU.1 (35), consistent with our results (Fig. 7B). Recently, Bach2
has been shown to be a target of IRF8 in monocyte dendritic cell
progenitors, but the role of PU.1 in this setting is not known (53).
Fcer2a (CD23) is a known target of PU.1 (42), but previous re-
ports of Carotta et al. and ours did not show if IRF8 can also
bind to the Fcer2a locus (30, 35). The current identification of
these target genes of both IRF8 and PU.1 is important for sup-
porting their biological functions in regulating FO B cell identity,
localization, and GC programs. Interestingly, IRFS8 preferentially
bound to the EICE motif of target genes in naive FO B cells,
whereas IRF8 predominantly occupied the canonical ISRE motif
of target genes in activated FO B cells stimulated with anti-IgM
plus anti-CD40 for 48 h (Fig. 7C). This cell context-dependent
binding of IRF8/PU.1 is presumably critical in determining the
expression of target genes.
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Biological function (each P<0.05)

biogenesis

Fig. 6. IRF8 and PU.1 regulate FO B cell gene pro-
grams. RNA-seq analysis of sort-purified FO B cells
(B220*AA4.17IgM"IgD™) from spleen of DKO and **
mice. (A) Comparisons of genes expressed differen-
tially in ++ versus DKO mice. (B) Selected genes that
are cell-surface markers critical for FO B cell identity,
localization, or transcriptional control. Data are mean
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2 2 8 E % RPKM + SEM for each genotype. (C) GO analysis of
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E a

were enriched in the gene set but down-regulated in
the DKO (P < 0.05). Analysis in C and D used the GO-
PANTHER slim algorithm.

IRF8 and PU.1 Are Required for BCL6 Expression in Vivo. We and
others previously reported that Bcl6 is a target of IRF8 and
PU.1 based on identification of IRF8-binding sequences in the
promoter regions of Bcl6 and promoter reporter assays (35, 46).
The expression levels of the BCL6 transcripts were lower in B
cells of DKO mice than in controls (Fig. 6) (35). Because Bcl6
transcripts are not reliable indicators for protein expression (54,
55), whether IRF8/PU.1 control BCL6 protein levels in vivo is
still unknown. We therefore took advantage of DKO mice and
measured BCL6 protein levels by intracellular staining and flow
cytometric analyses. First, we examined the kinetics of BCL6
expression in purified B cells from DKO and ** mice stimulated
with a mixture consisting of anti-IgM, anti-CD40, IL-4, and IL-
21. The expression levels of BCL6 were increased following
stimulation and peaked at 2 d in */* B cells (Fig. 84). In contrast,
DKO B cells failed to up-regulate BCL6 expression (Fig. 84).
Next, we measured BCL6 protein in ex vivo splenic B cells from
immunized mice. Four days following immunization with NP-
KLH, DKO mice generated fewer NP* B cells and the expres-
sion level of BCL6 in those NP* B cells was only half the level in ¥+
controls (Fig. 8B). Seven days after immunization with sheep
red blood cells (SRBCs), a strong T-dependent immunogen,
DKO mice developed almost no GC B cells and had significantly
lower numbers of [gG1* B cells compared with *'* controls (Fig.
8C), paralleling the results obtained above with mice immunized
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with NP-KLH (Fig. 4 C and D). In this case, the expression levels
of BCL6 protein in IgG1* B cells were significantly lower in DKO
mice than in controls (Fig. 8D). As expected, the development of Try
cells and expression levels of BCL6 in Tgyy cells were comparable
between DKO and ** mice (Fig. 8E). Taken together, we conclude
that the expression of BCL6 is dependent on IRF8/PU.1 in the early
phase of GC formation, which supports a decisive role for IRF8/
PU.1 as a regulator of BCL6 expression in GC B cell development.

- ETS
PU.1 :

Discussion

The results of our study indicate that IRE8 and PU.1 coordinately
control the fates of FO and GC B cells through distinct regulatory
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Fig. 7. Identification of IRF8/PU.1-binding targets by
ChlIP-seq analysis. (A) Numbers of IRF8 and PU.1 peaks
found in naive FO B cells. DEGs are differently
expressed genes by RNA-seq as in Fig. 6. (B) Examples
of binding patterns in the indicated genes for isotype
control 1gG and antibodies against PU.1, IRF8, and
H3K27ac. (C) Motif analyses showing EICE, ETS, and
ISRE sequences enriched in naive vs. activated B cells.
Activated B cells were stimulated with anti-IgM plus
anti-CD40 for 48 h. The numbers indicate the number
of times each motif was counted among the top
500 peaks (sorted by P values).

mechanisms. In FO B cells, IRF8/PU.1 regulate gene expression
by binding to the EICE motifs of target genes that maintain FO B
cell identity, localization, and survival, whereas in activated B cells
the binding landscape of IRF8/PU.1 in target genes shifts to ISRE
motifs, which are primarily recognized by IRF8 rather than by
both IRF8 and PU.1. This could be due to the fact that in acti-
vated B cells, IRFS8 expression levels were up-regulated, whereas
the expression levels of PU.1 remain unchanged (46, 56). Impor-
tantly, we demonstrated that the expression of BCL6, a “master
regulator” that regulates the GC transcriptional program, is con-
trolled by IRF8/PU.1 in vivo. In the early phase of a T-dependent
immune response, the absence of IRF8/PU.1 failed to up-regulate
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Fig. 8. Reduced BCL6 expression in DKO B cells. (A) Purified splenic B cells of
DKO and ** mice were stimulated with anti-IgM, anti-CD40, IL-4, and IL-
21 for up to 3 d. The cells were fixed, permeabilized, stained with anti-BCLS,
and analyzed by flow cytometry. The data represent two independent ex-
periments. Error bars are mean + SEM of two or three mice per group. (B)
Mice were immunized with NP-KLH and alum for 4 d. Splenocytes were
stained with NP-PE and anti-B220 and BCL6 and analyzed by flow cytometry.
Cells were gated on B220™ B cells (Left) and B220"NP™ cells (Right). Error bars
are mean + SEM of three or four mice per group. *P < 0.05. (C) The per-
centages of GC B cells (gated as in Fig. 4) and PCs (B220'°CD138") (Left) and
percentages of IgG1* B cells (Right) of the indicated mice that were immu-
nized with SRBCs for 7 d. (D) Intracellular staining of BCL6 in gated IgG1* B
cells. The overlays (Left) represent positive staining of BCL6, and the dot
plots (Right) are the mean fluorescence intensity (MFI) of BCL6 of multiple
mice. Each dot represents a mouse. (E) The frequency of T cell subsets in
SRBC-immunized mice (Left) and MFI of BCL6 in T cells of DKO and *'* mice.
Tey cells were gated as CD4*PD-1"CXCR5*ICOS™ (75). Each dot represents a
mouse. Mean is shown as a horizontal line +SD. *P < 0.05, **P < 0.01.
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BCL6 proteins, which correlates with a complete lack of GC
formation and high-affinity antibody production. These results
establish a paradigm that IRF8/PU.1 functions upstream of BCL6
and mechanistically works as an initiator for GC development.

In a previous report using IrfS~~Spil™"Cd19<"* and IrfS""
Spil™"Cd19“"*/* mice, the reduction in FO B cell numbers was
moderate compared with our Irf$""SpiI""Mb1<* DKO mice.
This could be due to incomplete CD19-Cre activity in early B
cells (57). It was shown that the deletion efficiency of CD19-Cre
is 33 to 75% in BM B cells and 80 to 90% in splenic B cells (40).
However, the Mb1-Cre used in this study achieves a deletion
efficiency of >95% in both BM and spleen B cells (40). It is also
worth noting that Irf8~'~ mice have a broad array of defects in
their myeloid and lymphoid systems. These include excessive
generation of myeloid cells, which results in hypercellular BM
and splenomegaly with disrupted follicular architecture (37, 38,
46). Moreover, the development of plasmacytoid dendritic cells
and Th1 cells is also impaired in Irf8~~ mice (39, 58, 59). This
abnormal microenvironment in the Irf8~'~ background may alter
normal B cell development.

Previous studies using RNA-seq and Irf8~~Spil"'Cd19"**
(35) or PU.1/SpiB DKO (34) mice revealed a range of IRF8/
PU.1-regulated genes in B cells but did not provide direct evi-
dence of co-occupancy of most of those genes by IRF8 and PU.1.
We previously analyzed mouse B cell lymphomas with a GC
origin using ChIP-on-ChIP technology and identified ~140 genes
that were direct targets of IRF8-PU.1 dimers (30). In the current
study, we employed ChIP-seq technology and integrated these
data with RNA-seq analyses of naive and activated FO B cells to
reveal a large number of novel targets of IRF8 and PU.1. These
include Fcer2a (CD23), an FO B cell identity marker, Cxcr4,
important for FO B cell positioning, as well as Bach2 (60) and
Cd83 (61), which are known to play a role in B cell differentia-
tion and activation (Fig. 7B). Careful comparison of Bach2™'~
mice with DKO mice revealed similar phenotypes: Both strains
exhibited significantly reduced FO B cell numbers, severely im-
paired class-switch recombination, and the absence of GCs (60).
Interestingly, the promoter regions of Bach2 have multiple
binding peaks for IRF8 and PU.1 (Fig. 7B), indicating that Bach2
is a target of both IRF8 and PU.1 in B cells. It will be interesting
in the future to determine if BACH2 is a mediator of the actions
of IRF8/PU.1, and if overexpression of BACH?2 can restore FO
B cell development in IRF8/PU.1 DKO mice.

GC development includes phases of initiation and expansion
guided by a coordinated transcriptional network that is thought
to involve at least 15 transcription factors (reviewed in ref. 62).
Among the best studied, BCL6 is central to GC differentiation,
and Bcl6™'~ mice do not form GCs (63-65). BCL6 represses the
PC program by suppressing the Prdml locus (66, 67), which
enables GC B cells to instead undergo multiple rounds of ex-
pansion and antigen selection. Repression of Bcl6 by IRF4 and
Blimp1 is required for GC differentiation into PCs (68, 69).
Competition between IRF8 and IRF4 in binding to common
target genes including BCL6 has been proposed as a mechanism
for fate control of GCs and PCs (33, 35). Following immuniza-
tion with a protein antigen, IRF4 is transiently induced during
GC formation, and high concentrations of IRF4 antagonize the
GC fate (70). In contrast, PU.1 and SpiB act redundantly to
control the GC response (34). These results are consistent with
the idea that during the early phase of GC development,
IRF4 and IRF8 together with PU.1 or SpiB may have synergistic
effects on BCL6 induction, whereas the gain of IRF4 activity and
the down-regulation of PU.1 and SpiB in late-stage GCs are
essential for PC development. Our data showed that following
stimulation, as early as day 1 in vitro and day 4 in vivo, the ex-
pression level of BCL6 proteins was up-regulated in B cells of
normal mice. However, IRF8/PU.1 deficiency failed to stimulate
BCL6 expression. In conjunction with our previous findings that
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IRF8 expression is rapidly up-regulated in stimulated IRF8-
EGFP reporter B cells that were stimulated with anti-BCR an-
tibody, LPS, or anti-CD40 plus IL-4 (17), these data position
IRF8/PU.1 upstream of BCL6 during the initiation phase of GC
formation. We propose a model that in the beginning of a GC
response, activated B cells increase IRF8 expression, which to-
gether with PU.1 stimulates BCL6 protein production, which
then regulates downstream GC gene programs.

In summary, our data demonstrate that IRF8 and PU.1 double
deficiency in B cells impairs the development of FO and GC B
cells. Our ChIP-seq analyses have revealed distinct regulatory
mechanisms by IRF8 and PU.1 in regulating FO and GC B cell
fates by binding to different consensus sequences of target genes
in a cell context-dependent manner. The identification of an
IRF8/PU.1-BCL6 axis sheds light on our understanding of how
early GC B cells are regulated by this transcriptional network.
Further understanding of the molecular mechanisms by which
IRF8 and PU.1 regulate late stages of B cell differentiation may
lead to new strategies for enhancing beneficial high-affinity an-
tibody responses and repressing pathogenic antibody responses.

Materials and Methods

Mice. B6, /rf8™, and Spi1™ mice were described previously (31, 32). Mb1-Cre
mice (40) were purchased from the Jackson Laboratory. All mice were main-
tained in a specific pathogen-free facility at the National Institutes of Health
according to guidelines approved by National Institute of Allergy and Infec-
tious Diseases (ASP LIG-16) Animal Care and Use Committees. Littermate
control mice were used throughout the study.

Flow Cytometry. Cells were prepared and stained as previously reported (71).
Resources of antibodies specific for cell-surface markers and intracellular
proteins are listed in S/ Appendix, Table S2. Stained cells were analyzed using
an LSR Il analyzer (BD Biosciences) and FlowlJo software. Dead cells were
excluded by gating on cells negative for a viability dye (7AAD, propidium
iodide, or fixable viability dye eFluor506). Doublets were excluded elec-
tronically by setting an SSC-A vs. FCS-W gate. For some experiments, cells
were sorted by a FACSAria sorter (BD Biosciences).

For in vitro stimulation, cells were cultured in complete RPMI 1640 medium
supplemented with 10% FBS in the presence (or not) of anti-IgM [F(ab’),] (10
pg/mL), CD4O0 (2 pg/mL), IL-4 (10 ng/mL), and IL-21 (20 ng/mL) for up to 3 d.

BrdU Labeling, CaspGLOW, and TUNEL Assays. Mice were given drinking water
supplemented with 0.5 mg/mL 5-bromo-2'-deoxyuridine (BrdU; Sigma-Aldrich)
and 1 mg/mL dextrose continuously for 10 d using a protocol of BrdU Flow Kits
(BD Pharmingen). At different time points, mice were killed and spleens were
analyzed by flow cytometry according to the supplier’s instructions.

For the CaspGLOW assay, splenic cells were stained with a CaspGLOW
Fluorescein Active Caspase-8 Staining Kit (Thermo Fisher Scientific) according
to the manufacturer’s instructions. The cells were then stained with anti-
bodies against CD19, IgM, and IgD and analyzed by flow cytometry. For the
TUNEL assay, splenocytes were treated with ethanol and reagents supplied
by the APO-BrdU TUNEL Assay Kit (Invitrogen), followed by flow cytometry.

Immunization and Antibody Detection. For T-independent immune responses,
mice were immunized i.p. with 20 pg of NP-Ficoll (Biosearch). Blood samples

. Fuxa M, Skok JA (2007) Transcriptional regulation in early B cell development. Curr
Opin Immunol 19:129-136.

2. Batista CR, Li SK, Xu LS, Solomon LA, DeKoter RP (2017) PU.1 regulates Ig light chain
transcription and rearrangement in pre-B cells during B cell development. J Immunol
198:1565-1574.
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were taken before and 7 d after immunization. For T-dependent immune
responses, mice were immunized i.p. with 100 pg of NP-KLH (Biosearch) in
alum or 0.5 mL of sheep red blood cells (10% diluted with PBS). Blood
samples were taken every 2 wk after immunization.

Serum antibodies were tested by ELISA. For antigen nonspecific total
antibodies, 96-well plates were coated with polyclonal anti-lgM or other
isotype-specific antibodies. For antigen-specific antibodies, the plates were
coated with NP(23)-BSA or NP(4)-BSA (Biosearch). After blocking with 1%
BSA, diluted serum samples were incubated for 2 h, followed by incubation
with secondary HRP-conjugated mouse-specific anti-lg isotype antibodies
and substrate OPD (Sigma-Aldrich). The reaction was read at 450 nm using a
SpectraMax Plus 384 microplate reader (Molecular Devices).

ELISpot Assay. Spleen and BM PCs were quantified by NP-specific Ig ELISpot
assays. Briefly, aliquots of 1.25 to 5.0 x 10° spleen and BM cells were plated in
triplicate in NP-BSA-precoated 96-well PVYDF membrane plates (Millipore)
and incubated overnight at 37 °C in 5% CO,. The plates were washed with
PBS containing 0.05% Tween 20 and incubated with HRP-conjugated anti-
mouse IgM or IgG1 (Jackson ImmunoResearch Laboratories), followed by
reaction with FAST 5-bromo-4-chloro-3-indolyl phosphate/NBT chromogen
substrate (Sigma-Aldrich). The plates were scanned with a CTL ImmunoSpot
S5 Core Analyzer (Cellular Technology) and analyzed by ImmunoSpot soft-
ware 4.0 (Cellular Technology).

RNA-Seq and ChIP-Seq. FACS-purified FO B cell subsets were extracted for RNA
by using an RNeasy Mini Kit (Qiagen) including a DNA digestion step
according to the manufacturer’s instructions. RNA-seq analyses were per-
formed as described previously (72). Gene ontology (GO) analysis was carried
out with the PANTHER GO-slim classification tool of the GO Reference Ge-
nome Project (ref. PMID 26578592).

ChiIP-seq was performed as previously reported (72, 73) using antibodies
against IRF8 (clone D20D8; Cell Signaling Technology), acetyl-histone H3
(Lys27) (D5E4, Cell Signaling Technology), and PU.1 (sc-390405 X; Santa
Cruz). Ex vivo FO B cells were prepared by sorting and processed for fixation
and ChlIP. For activated B cells, sort-purified FO B cells were cultured in
complete RPMI 1640 medium in the presence of F(ab’), anti-IgM (10 pg/mL)
plus anti-CD40 (2 pg/mL) and IL-4 (10 ng/mL) for 2 d. The cells were then
processed for ChIP.

Immunohistochemistry and Immunofluorescence Staining. Paraffin sections of
spleen and MLN tissues were processed and stained with PNA or anti-CD138
Ab by the Pathology/Histotechnology Laboratory of the National Cancer
Institute. Slides were imaged with an Olympus BX41 microscope (10x and 40x
objectives) equipped with an Olympus DP71 camera. In other cases, cry-
opreserved splenic sections were stained with antibodies against IgM, CD3,
and MOMA and imaged using a Nikon ECLIPSE TE2000-U confocal microscope.

Statistical Analysis. Two-tailed Student’s t test was used to determine the
statistical significance of the data. P < 0.05 was considered to be statistically
significant.
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