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SUMMARY

The transcription factor interferon regulatory factor 4
(IRF4) is critical for the development, maintenance,
and function of plasma cells. The mechanism by
which IRF4 exerts its action in mature plasma cells
has been elusive due to the death of all such cells
upon IRF4 loss. While we identify apoptosis as a critical pathway for the death of plasma cells caused by
IRF4 loss, we also determine that IRF4 did not regulate the intrinsic apoptotic pathway directly. By using
an inducible IRF4 deletion system in the presence of
the overexpression of anti-apoptotic BCL2, we identify genes whose expression is coordinated by IRF4
and that in turn specify plasma cell identity and mitochondrial homeostasis.
INTRODUCTION
Plasma cells are the terminally differentiated cells of the humoral
immune system, being responsible for the production of large
quantities of protective antibodies. Plasma cells rely on a network
of transcription factors for their differentiation and optimal function (Nutt et al., 2015). The three most important transcription factors for plasma cells are interferon regulatory factor 4 (IRF4), B
lymphocyte-induced maturation protein 1 (BLIMP1), which is encoded by the gene PR domain zinc finger protein 1 (PRDM1), and
X-box binding protein 1 (XBP1) (Low et al., 2016; Nutt et al., 2011).
Analysis of these transcription factors has uncovered discrete
functions for each. IRF4 is essential for both the initial differentiation and the subsequent survival of plasma cells, with further
analysis limited by the absolute loss of plasma cells upon its deletion (Ochiai et al., 2013; Sciammas et al., 2006; Tellier et al.,
2016). BLIMP1 is also essential for the initial differentiation of

plasma cells, but appears dispensable for the survival of pre-existing plasma cells (Tellier et al., 2016). PRDM1 inactivation did,
however, impair the ability of plasma cells to secrete antibodies
by regulating the expression of the components of the unfolded
protein response (UPR), including XBP1, ATF4, and ATF6. In
addition, BLIMP1 regulates the activity of the kinase mammalian
target of rapamycin (mTOR) (Tellier et al., 2016); although not
required for continued plasma cell survival, it is needed for
high-level antibody synthesis and secretion (Jones et al., 2016).
XBP1 inactivation in plasma cells also leads to a loss of antibody
secretion by plasma cells, but through a mechanism distinct from
that resulting from the deletion of PRDM1. The loss of XBP1
directly downregulates immunoglobulin gene transcription, leading to plasma cells with a reduced capacity to synthesize and
secrete antibodies (Taubenheim et al., 2012; Tellier et al., 2016).
Neither PRDM1 nor XBP1 deletion led to a loss of important
cell survival-promoting factors in plasma cells, such as B cell
maturation antigen (BCMA) or MCL1 (Tellier et al., 2016).
The PRDM1 gene is a direct transcriptional target of IRF4
(Klein et al., 2006; Kwon et al., 2009; Minnich et al., 2016; Sciammas et al., 2006), explaining the shared functions of each protein
in the transition of an activated B cell to a plasma cell phenotype.
Apart from PRDM1, few downstream targets of IRF4 in plasma
cells have been identified, meaning that the mechanisms by
which IRF4 gene deletion leads to plasma cell death remain unclear. In light of this, we sought to understand the transcriptional
networks that IRF4 regulates in plasma cells and the effects that
disrupting these networks would have on plasma cell function
and persistence.
RESULTS
IRF4 Deletion in Plasma Cells Leads to Apoptosis
To investigate the impact of IRF4 loss in plasma cells, we generated mouse plasmacytoma lines (J558, MPC-11) and human
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Figure 1. IRF4 Loss Leads to Apoptosis in Plasma Cells
(A) Percentage of MPC-11 (left) and MM1S (right) cells alive at 72 h (left graph) and number of MPC-11 (left) and MM1S (right) cells alive at 72 h (right graph) after
seeding 50,000 cells per well. Columns represent means ± SDs.
(B) Percentage of MM1S cells containing >2N DNA using SYTOX Green on flow cytometry at time 0 (left) and time 72 h (right) after doxycycline addition to induce
IRF4 deletion. Results show two independent experiments; unpaired t test, with *p < 0.05. NS, not significant.
(C) Representative flow cytometry gating for splenic plasma cells using the immune prolife CD138+, CD98high to select out plasma cells (Tellier et al., 2016).

(legend continued on next page)
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multiple myeloma cell lines (MM1S, OPM2) in which IRF4 deletion was inducible through CRISPR-Cas9 (Aubrey et al., 2015)
(Figures S1A and S1B). As previously reported (Shaffer et al.,
2008), this led to cell death over a period of days (Figure S1C).
To investigate the mechanism underlying the cell death following
IRF4 loss, we treated the mouse plasma cell line MPC-11 and
human myeloma cell line MM1S with doxycycline (to induce
IRF4 deletion) either alone or together with the pan-caspase inhibitor QVD-OPH. While the addition of QVD-OPH increased
the percentage of live cells in culture after the deletion of IRF4
(Figure 1A), it did not restore the cell number to those present
without IRF4 deletion (Figure 1A). To determine whether a proliferative defect may also be present, DNA content/cell-cycle analysis was performed in MM1S (Figure 1B and S1D) and MPC-11
cell lines (data not shown), which confirmed reduced numbers of
cells containing >2N DNA on IRF4 deletion, implying a reduction
of cells in the cell cycle. These results suggest that when IRF4
was deleted from both MPC-11 and MM1S cell lines, at least
two pathways reducing the number of viable cells were activated. In one pathway, cell death was mediated by caspases,
and this was inhibited by QVD-OPH, while the other pathway imparted a proliferative defect that was not rescued by QVD-OPH.
Given that the caspases were found to be instrumental for cell
killing induced by IRF4 deletion in plasma cells, we hypothesized
that changes in the apoptotic pathway, particularly the intrinsic
(mitochondrial, BCL2-regulated) pathway, may be responsible.
In normal plasma cells, MCL1 is the critical pro-survival member
of the BCL2 family in that its loss leads to an almost complete
absence of plasma cells (Peperzak et al., 2013). Furthermore,
recent studies revealed that the genetic deletion or pharmacological inhibition of MCL1 is lethal for 70% of the human
myeloma cell lines tested (Gong et al., 2016; Kotschy et al.,
2016). The deletion of IRF4 had no measurable impact on the
amount of MCL1 protein in either mouse (Figure S1B) or human
plasma cell lines (data not shown). We also found that IRF4 did
not regulate the amounts of BCL2 protein (Figure S1B). Thus,
while IRF4 was necessary for plasma cell survival, and this was
due at least in part to inhibiting apoptosis and caspase activation, it did not mediate this effect by regulating the expression
of the pro-survival BCL2 family members BCL2 or MCL1.
BCL2 Overexpression Can Rescue the Survival of IRF4Deleted Plasma Cells
The fact that the death induced by the deletion of IRF4 was
blocked in large part by a caspase inhibitor prompted us to
examine whether overexpression of an anti-apoptotic protein
could prevent this death. As the intrinsic apoptotic pathway is
a complex balance of both pro-apoptotic and anti-apoptotic
proteins (Delbridge et al., 2016), we hypothesized that the overexpression of the anti-apoptosis protein BCL2 may protect
plasma cells from IRF4 deletion-induced death. For this, we
generated mice carrying a single IRF4 flox allele (Klein et al.,

€cker et al., 1997),
2006) together with an IRF4 null allele (Mittru
and the Rosa26.CreERT2 allele (Seibler et al., 2003). This genotype allowed tamoxifen-inducible deletion of the expressed,
floxed IRF4 allele, with the expression of GFP serving as a
marker of recombination of the floxed IRF4 allele. Thus, in this
experimental setting, GFP+ plasma cells appearing after tamoxifen induction are of necessity IRF4 deficient. These mice, called
IRF4flox/ ;CreERT2 mice, were then crossed with the vav-human-BCL2 transgenic mice (Ogilvy et al., 1999) that overexpress
human BCL2 constitutively in all hematopoietic cells. To ensure
that any rescue afforded by the overexpression of BCL2 was B
cell intrinsic, we created bone marrow chimeras with mMT
mice (Kitamura et al., 1991), such that all B-lineage cells were
susceptible to tamoxifen-induced deletion of IRF4, whereas all
other lineages were essentially wild-type (experimental strategy
shown in Figure S2A).
In accordance with previous reports (Willis et al., 2014), deletion of IRF4 led to an 50% loss of mature B cells in the absence
of the BCL2 transgene (data not shown). Nevertheless, a significant population of B cells could survive the complete loss of
IRF4 (data not shown). Analysis of the plasma cell compartment
in both the bone marrow and spleen revealed that the complete
loss of IRF4 led to a 3-fold reduction in plasma cell numbers (Figures 1B and 1C). Of note, the expression of the BCL2 transgene
increased the number of B cells (data not shown) and plasma
cells in general and specifically protected the plasma cell
compartment from depletion caused by IRF4 loss (Figure 1C).
To mitigate the consequences of incomplete deletion of the
floxed IRF4 allele in plasma cells, we used the expression of
GFP as an indication of IRF4 deletion, an association that was
confirmed by intracellular IRF4 staining in GFP+ and GFP
plasma cells (Figure 1D). Analysis of the GFP+ plasma cells in
tamoxifen-treated IRF4flox/ ;CreERT2 mice revealed that there
were virtually no GFP+ plasma cells surviving the complete
loss of IRF4 (Figure 1E). In contrast, expression of the BCL2
transgene resulted in a significant increase in the proportion of
viable IRF4 deleted plasma cells (Figure 1E). These GFP+ plasma
cells persisted for at least 8 weeks post-IRF4 deletion (Figures
S2C–S2E). Stimulation of IRF4-deleted B cells in the presence
of overexpressed BCL2 with either T cell-dependent or T cell-independent mitogens led to a significant deficit of plasma cell
numbers compared to IRF4 sufficient controls (Figure S3). This
reveals that BCL2 overexpression could not substitute for the
plasma cell differentiation functions of IRF4. We therefore
conclude that the presence of GFP+ plasma cells in Vav-BCL2
transgenic mice was due to the increased survival of pre-existing
plasma cells rather than the formation of new plasma cells.
IRF4 Regulates Plasma Cell Identity
To identify downstream targets of IRF4 in plasma cells, we performed RNA sequencing on GFP+ (IRF4-deleted) plasma cells
from IRF4flox/ ;CreERT2;vav-huBCL2 mice that could persist

(D) Total number of plasma cells (regardless of GFP fluorescence) seen in spleen and one femur (bone marrow).
(E) Representative histogram of GFP fluorescence in plasma cells (left) and histogram showing intracellular staining for IRF4 protein in plasma cells with IRF4
intact plasma cells, indicated by GFP negativity (blue and black), and those with IRF4 deleted (red) indicated by GFP positivity (right).
(F) Number of GFP+ plasma cells in spleen and one femur (bone marrow). In all of the analyses, means and SDs are shown. Dots represent individual mice.
Results are the amalgamation of three independent experiments. Groups compared using unpaired t test, with *p < 0.05. NS, not significant.
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Figure 2. Transcriptional Analysis of IRF4-Deficient
Plasma Cells
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(A) Whole-genome RNA sequencing analysis of GFP+ plasma
cells sorted from the spleen of IRF4flox/ ;CreERT2;vav-huBCL2
day 14 after the commencement of tamoxifen treatment and
compared to PRDM1fl/gfp CreERT2 GFP+ bone marrow plasma
cells and XBP1fl/fl CreERT2 GFP+ bone marrow plasma cells
21 days after treatment with tamoxifen to induce deletion. The
control lane is a composite of GFP+ IRF4flox/+;CreERT2;vavhuBCL-2 splenic, GFP+ PRDM1+/GFP CreERT2 bone marrow,
and GFP+ XBP1+/+ CreERT2 bone marrow plasma cells produced during independent experiments. The analysis encompasses 301 plasma cell gene signatures, as previously
described (Shi et al., 2015).
(B) Gene set enrichment analysis (bottom) of plasma cell
signature genes in comparison with IRF4flox/ ;CreERT2;vavhuBCL2 and IRF4flox/+;CreERT2;vav-huBCL2 GFP+ splenic
plasma cells, obtained from mice 14 days after the
commencement of treatment with tamoxifen. The vertical black
lines indicate 301 genes encoding components of the plasma
cell signature. The curve above the barcode indicates the
enrichment of the signature.
(C) Functional classification and quantification of proteins encoded by target genes repressed (blue) or activated (red) by
IRF4 in plasma cells.
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because of BCL2 overexpression and compared their transcriptional signature to that of control plasma cells from IRF4flox/+;
CreERT2;vav-huBCL2 mice (in these mice, tamoxifen treatment
results in the loss of only one allele of IRF4, which is readily tolerated by plasma cells, with no loss of viability). This analysis revealed 1,539 differentially expressed genes (false discovery
rate [FDR] <0.1, p < 0.05), of which 744 were upregulated in
the absence of IRF4 (putative IRF4-repressed genes) and 795
were downregulated (putative IRF4-activated genes). To determine the degree to which IRF4 deficiency affects plasma cell
identity, we compared this transcriptome data to the previously
described plasma cell gene expression signature derived from
wild-type (Shi et al., 2015), BLIMP1, or XBP1-deleted plasma
cells (Tellier et al., 2016). Analysis revealed that these three

genes regulate the plasma cell RNA signature, with
only minimal overlap (Figure 2A). Similarly, gene
enrichment analysis revealed that the loss of IRF4
also led to a loss of plasma cell signature genes (Figures 2B and S4A; 90 [30%] of the 301 signature
genes were IRF4 dependent; Table S1). These findings are consistent with IRF4 being a critical driver of
the plasma cell transcriptional program. IRF4 regulates genes involved in numerous cellular processes, with RNA changes upon deletion seen in
several pathways but with a particular predilection
for cell surface receptors and intracellular signaling
pathways (Figure 2C). To confirm that IRF4
was effectively inactivated in these samples, we
analyzed transcripts from exon 2 of IRF4, as this is
the only exon common to the deletion of both the
€cker et al., 1997)
germline (exons 2 and 3) (Mittru
and the floxed IRF4 alleles (promotor, exon 1, and
exon 2) (Klein et al., 2006). Comparison of the IRF4
homozygous deleted plasma cells with those that had lost only
1 IRF4 allele revealed a statistically significant 2.4-fold reduction
in transcripts mapping to exon 2 of the IRF4 gene (p = 0.015; data
not shown). The loss of IRF4 in plasma cells from tamoxifentreated IRF4flox/ ;CreERT2;vav-huBCL2 mice did not lead to a
complete de-differentiation into B cells, as expression of the
gene encoding the B cell lineage-defining transcriptional factor
PAX5 (expressed in B cells but not in plasma cells) was not upregulated upon the loss of IRF4 (Figure S4B) (Nutt et al., 1999).
Other B cell-expressed genes were, however, upregulated
upon IRF4 loss, including IRF8 and BACH2 (Figure S4B).
Because IRF4 is considered important for the initial upregulation
of PRDM1 as B cells differentiate into plasma cells (Sciammas
et al., 2006), the loss of IRF4 in established plasma cells did
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not lead to the subsequent loss in PRDM1 transcription (Figure S4B). This suggests that sustained BLIMP1 expression in established plasma cells may no longer be IRF4 dependent.
Another gene revealed as being regulated by IRF4 in
mouse plasma cells, a mouse plasma cell line (MPC-11), and a
human multiple myeloma cell line (MM1S) was that encoding
TNFRSF17, also known as BCMA (Figures S5A–S5C; Table
S2). BCMA deletion has previously been reported to affect the
viability of multiple myeloma cell lines (Tai et al., 2016). Surface
staining with specific antibodies, however, revealed that BCMA
protein was only modestly reduced on splenic plasma cells
upon IRF4 deletion (Figure S5D), which was also reflected in total
protein analysis by western blot of mouse plasmacytoma and
human multiple myeloma cell lines following CRISPR-Cas9induced IRF4 deficiency (Figures S5E and S5F). This suggests
that the post-translational regulation of BCMA can largely
compensate for reduced transcription. Finally, and in contrast
to previous reports, we found that induced deletion of the
BCMA gene had no impact on the survival and growth of
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Figure 3. Effect of IRF4 Deletion on Antibody
Production
(A) RNA sequencing reads for immunoglobulin
chains of splenic GFP+ plasma cells from bone
marrow chimeric mice 2 weeks after tamoxifen
treatment. Left: IgH (immunoglobulin heavy chain),
IgK (immunoglobulin kappa), and IgL (immunoglobulin lambda). Means and SDs are shown. Right:
breakdown of subclasses of IgH.
(B) Representative histograms from two separate
experiments of intracellular staining for IgG and IgK
light chains from indicated cell types, using spleen
GFP+ plasma cells from bone marrow chimeric
mice 2 weeks after tamoxifen treatment.
(C) ELISpot analysis of immunoglobulin production
of plasma cells, isolated as per (A) and (B), for IgG
pool, IgM, and IgA. Results performed in biological
triplicates.
Statistical analysis of two pooled experiments
showing means and SDs (unpaired t test).

MM1S cells (Figures S5E and S5F), effectively ruling out a role in cell death seen
upon IRF4 deletion. The second gene
found to be regulated by IRF4 in all situations was MANF (Table S2), encoding the
mesencephalic astrocyte-derived neurotrophic factor. Amounts of this in the
lumen of the ER may be sensitive to ER
stress and it may play a protective role
(Kim et al., 2017). While studied in several
systems, particularly neuronal development, its role in lymphocyte biology remains unexplored.
We next examined whether the loss
of IRF4 had an impact on immunoglobulin gene transcription. IRF4 deletion
in plasma cells did result in reduced transcripts mapping to the IGH loci and the
immunoglobulin (Ig) light chain gene loci IGK and IGL (Figure 3A).
The loss of IRF4, however, did not affect all of the classes and
subclasses of immunoglobulin equally. Transcripts of the
IGHG2b and IGHG2c were the most affected, while IGHA transcripts were unaffected and IGHM transcripts were actually
increased (Figure 3A). Accordingly, the loss of IRF4 also resulted
in reduced intracellular staining for IgG and IgK light chain (Figure 3B). ELISpot analysis of antibody production from isolated
plasma cells revealed a significant reduction in IgG and IgM,
but not IgA antibody secretion from the IRF4 deleted plasma
cells (Figure 3C).
To confirm that protein amounts corresponded with changes
in RNA amounts, we tested cell surface expression of several
proteins encoded by genes that were significantly altered in
transcription following IRF4 deletion (Figure 4). Of interest, a
number of the proteins with increased expression can be associated with other lymphocyte lineages, such as T cells (FAS
ligand [FASL]) (Arakaki et al., 2014) or earlier stages of B cell
development, including memory B cells (PD-1 and CD84)

Figure 4. Concordance of IRF4-Regulated
Genes and Proteins
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(A–D) Representative histograms showing B
cells (gray), IRF4flox/+;CreERT2;vav-huBCL2 GFP+
splenic plasma cells (black), and IRF4flox/ ;
CreERT2;vav-huBCL-2 GFP+ splenic plasma
cells (red) for CD84 (A), FasL (B), PD-1 (C), and
CXCR5 (D).
(E) Mean fluorescence intensity (MFI) of stated cell
surface proteins (means and SDs shown; unpaired
t test). Analysis restricted to IRF4 deleted plasma
cells using GFP+.
Amalgamation of two experiments shown (n > 4).

% of Max cells

% of Max cells

A

FasL

CD84

D

% of Max cells

% of Max cells

C

(Minnich et al., 2016). IRF4 binding was
observed in 20.1% (309 of 1,539) of the
differentially expressed genes, including
those encoding important regulators of
plasma cell survival and function such
as XBP1 and IGF1R, which is thought to
play a role in plasma cell survival (Sprynski et al., 2010).

PD
-1

C

XC

R

5

sL

Fa

C

D

84

MFI (arbitrary units)

IRF4 and BLIMP1 Independently
Regulate XBP1 Expression and ER
Structure
We confirmed that the amounts of spliced
CXCR5
PD-1
XBP1 (sXBP1) were diminished upon the
loss of IRF4, which corresponded with
the reduction in RNA levels (Figures 5A
IRF4 fl/+; ERT2Cre; vavBcl2 plasma cells
and 5B). As PRDM1 transcription was
IRF4 fl/-; ERT2Cre; vavBcl2 plasma cells
unchanged and as recent data showed
that BLIMP1 also regulates XBP1 (Tellier
B cells
et al., 2016), our findings suggest that full
XBP1 expression requires both IRF4 and
IRF4 fl/+; ERT2Cre; vavBcl2
MFI
BLIMP1, but in a non-redundant manner.
E
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3000
Furthermore, both XBP1 deleted as well
*
as PRDM1 deleted plasma cells have
been reported to have disorganized endo2000
plasmic reticulum (ER) structure (Tauben*
heim et al., 2012; Tellier et al., 2016).
*
*
1000
IRF4 deleted plasma cells also exhibited
* p<0.05
a loss of ER structure, which was revealed
using transmission electron microscopy
0
(Figure 5C) and ER-Tracker staining (Figure 5D). It is likely that these changes in
ER structure and amount are linked to
reduced XBP1 expression, given that
(Tangye et al., 2002; Thibult et al., 2013), activated B cells XBP1 is critical for the UPR (Plate and Wiseman, 2017; Tellier
(FASL) (Hahne et al., 1996), and T follicular helper cells and et al., 2016).
B cells (CXCR5) (Moser, 2015) (Figures 4A–4E). The increased
expression of these proteins suggested that IRF4 or its down- IRF4 Regulates Metabolism in Plasma Cells
stream targets are involved in suppressing the expression Further assessment of the transcriptional changes that occur as a
of the corresponding genes in plasma cells. To determine result of IRF4 deletion in plasma cells using pathway analysis rewhether the transcription of any of these genes was directly vealed that IRF4 activates and represses a number of genes
regulated by IRF4, we compared our RNA sequencing results within the metabolic pathways (Table S3). To assess the possible
to recently published results of IRF4 chromatin immunoprecip- impact of these changes, we stained IRF4 deleted plasma cells
itation (ChIP) sequencing on plasmablasts (Figure S4C) with MitoTracker Orange to assess mitochondrial mass/potential.
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Figure 5. IRF4 Regulates XBP1 Expression
and Organization of the Endoplasmic Reticulum
(A) Reads per kilobase million (RPKM) from an RNA
sequencing analysis of XBP1 comparing follicular
B cells, bone marrow plasma cells, IRF4flox/+;
CreERT2;vav-huBCL-2 GFP+ splenic plasma cells,
and IRF4flox/ ;CreERT2;vav-huBCL2 GFP+ splenic
plasma cells. Data derived from Figure 2.
(B) Representative histogram of spliced XBP-1
via flow cytometry of B cells (gray), IRF4flox/+;
CreERT2;vav-huBCL2 GFP+ splenic plasma cells
(black) and IRF4flox/ ;CreERT2;vav-huBCL2 GFP+
splenic plasma cells (red; left) with the MFI of sXBP1
(means and SDs shown; unpaired t test). Amalgamation of two experiments shown (n > 4).
(C) Representative examples of transmission
electron microscopy imaging of IRF4flox/+;
CreERT2;vav-huBCL2 GFP+ splenic plasma cells
(left) and IRF4flox/ ;CreERT2;vav-huBCL2 GFP+
splenic plasma cells (right).
(D) Histogram of ER-Tracker red analysis by flow
cytometry of B cells (gray), IRF4flox/+;CreERT2;vavhuBCL2 GFP+ splenic plasma cells (black), and
IRF4flox/ ;CreERT2;vav-huBCL2 GFP+ splenic
plasma cells (red; left) with the MFI of ER-Tracker
red (right). The graph represents R4 samples with
means and SDs. Comparison by unpaired t test,
with *p < 0.05.

of the mouse plasma cell line MPC-11
and the human multiple myeloma cell
p<0.05
line MM1S showed an increase in both
500
maximal glycolytic and mitochondrial
400
metabolism upon IRF4 deletion (Figures
300
6B–6E). These findings suggested that
200
the deletion of IRF4 led to an increased
100
maximal metabolic capacity in plasma
cells. Finally, staining with CellROX Orange
followed by flow cytometric analysis revealed that the loss of IRF4 caused an inER-tracker red
crease in reactive oxygen species (ROS)
in splenic plasma cells as well as in the
mouse plasmacytoma cell line MPC-11
We were surprised to find that IRF4 deleted splenic plasma cells and the human multiple myeloma cell line MM1S (Figures 6F
showed increased mitochondrial staining with MitoTracker Or- and S7A). However, the addition of two ROS scavengers,
ange (Figure 6A). We confirmed that these changes were Mn(III)tetrakis(4-benzoic acid)porphyrin (MnT-BAP) and glutacommon with the loss of IRF4 by repeating these experiments thione monoethyl ester (GSH-Oet), failed to prevent the death
with plasmacytoma and multiple myeloma cell lines 2 days after of these cell lines following IRF4 deletion (Figures S7B and
CRISPR-Cas9-mediated deletion of IRF4 (Figure 6A). Similarly S7C). These results suggested that IRF4 regulates metabolism
increased signals were seen with MitoTracker Deep Red in plasma cells insofar as its loss leads to the significant dysregu(mitochondrial mass) and tetramethylrhodamine methyl ester lation of normal metabolic pathways.
(TMRM; metabolically active mitochondria) staining of IRF4
DISCUSSION
deleted plasma cells and cell lines (Figures S6A and S6B).
To investigate whether the increased mitochondrial staining
corresponded to an increase in mitochondrial metabolism, we IRF4 is known to be indispensable for plasma cell survival and
€cker et al., 1997; Ochiai
analyzed the metabolic profile of IRF4 deleted plasma cells using differentiation (Klein et al., 2006; Mittru
the Seahorse XF (Agilent) system. Due to the low numbers of et al., 2013; Sciammas et al., 2006; Tellier et al., 2016; Willis
IRF4 deleted plasma cells in the spleens of treated mice, it was et al., 2014); however, the mechanisms that are controlled by
not possible to analyze ex vivo splenic plasma cells. Analysis IRF4 in plasma cells and the transcriptional network IRF4
ER-tracker red

p<0.05
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controls have been difficult to determine. We demonstrate here
that the loss of IRF4 induces apoptosis in plasma cells and
that the overexpression of anti-apoptotic BCL2 can rescue a
proportion of plasma cells from IRF4 deletion. Unexpectedly,
however, IRF4 deletion did not affect the expression of the
anti-apoptotic members of the BCL2 family, particularly MCL1,
which is known to be critical for plasma cell survival (Peperzak
et al., 2013). In turn, one must conclude that the expression of
MCL1 is regulated by a combination of several transcription factors identified in other systems that bind to the MCL1 promoter
(Gores and Kaufmann, 2012), with the multiplicity of possible
control mechanisms supporting the possible redundancy of activation pathways. There are therefore at least two critical pathways for plasma cell survival without a presently identified interaction between them—one pathway is regulated by IRF4 and the
other safeguards survival by allowing the adequate expression of
MCL1. The development of an in vivo model for the deletion of
IRF4 in the presence of BCL2 overexpression has allowed
plasma cells to survive IRF4 loss and provided an opportunity
to interrogate the functional role that IRF4 plays in plasma cells.
The RNA sequencing analysis presented here revealed that a
transcriptional program controlled by IRF4 complements and interacts with the transcriptional network regulated by BLIMP1
(Tellier et al., 2016). IRF4 is involved in activating the expression
of genes that contribute to plasma cell identity and effector function, such as CD138, immunoglobulin heavy/light chains, and
XBP1. XBP1 appears to be critical for the optimal function of
plasma cells, with loss leading to disorganized ER structure
and reduced ER mass. Both BLIMP1 and IRF4 appear to act upstream of XBP1 transcription. IRF4 is considered to regulate the
expression of BLIMP1 based on studies showing that IRF4-deficient B cells fail to upregulate PRDM1 mRNA and BLIMP1 protein expression following lipopolysaccharide (LPS) stimulation
(Kwon et al., 2009; Sciammas et al., 2006). While this finding
has not been universal (Klein et al., 2006), it has been found
that irrespective of detectable PRDM1 mRNA, IRF4 / -stimulated B cells are unable to differentiate into CD138 expressing
plasmablasts, which is consistent with IRF4 being required for
BLIMP1 protein expression, as demonstrated with the
BLIMP1gfp reporter mouse (Sciammas et al., 2011). That IRF4
binds to sites close to the PRDM1 gene in T cells and plasmablasts implies its direct activation by IRF4 (Kwon et al., 2009;
Minnich et al., 2016). All of these studies have analyzed the
role of IRF4 in the induction of BLIMP1 in stimulated B or
T cells. Our study shows that the maintenance of PRDM1
expression is independent of IRF4 in established plasma cells.

These findings suggest a difference in the requirement for IRF4
in initiating PRDM1 transcription in B cells differentiating into
plasma cells compared to the maintenance of PRDM1 expression in terminally differentiated plasma cells. Furthermore, IRF4
also represses the expression of other lineage markers, such
as CD84, PDCD1, FasL, and CXCR5. These findings demonstrate that IRF4 is critical for both activating and suppressing a
wide transcriptional network that is central to the identity and
function of plasma cells. In addition, IRF4 transcriptionally regulates the expression of receptors on the surface of plasma cells
that promote their survival, such as BCMA. BCMA was one of
only two genes that we found to be differentially expressed in
all systems following IRF4 deletion. Despite the significance of
mRNA reduction, however, protein amounts varied relatively little (Figure S5). This minimal effect on the amounts of BCMA protein upon IRF4 deletion in conjunction with the relatively modest
phenotype seen in the plasma cell compartment of BCMA germline deleted mice (O’Connor et al., 2004; Peperzak et al., 2013;
Xu and Lam, 2001) suggests that the downregulation of BCMA
expression is unlikely to constitute the cause of plasma cell
death following IRF4 deletion. While BCMA deletion has previously been reported to affect the viability of multiple myeloma
cell lines (Tai et al., 2016), we failed to observe any impact on
the viability of the multiple myeloma cell line MM1S, leading us
to conclude that IRF4 activates BCMA transcription in plasma
cells, but its loss is unlikely to be a key factor in the death of
plasma cells upon IRF4 deletion.
IRF4 plays a key role in regulating metabolism in plasma cells.
Metabolic changes are known to occur as B cells differentiate via
the germinal center into plasma cells (Sandoval et al., 2018). It is
known that reductions in mitochondrial mass and ROS correlate
with a predisposition for B cells to differentiate into plasma cells,
and this predisposition can be modulated by blocking anaerobic
pathways, such as glycolysis and fatty acid breakdown (Jang
et al., 2015; Lin et al., 2015). Previous studies have also demonstrated that activated B cells, which have upregulated IRF4
expression and initiated plasma cell differentiation, have reduced
mitochondrial mass (Lam et al., 2016). Lastly, IRF4 deletion in
activated B cells leads to defective mitochondrial regulation
with increased mitochondrial clearance (Adams et al., 2016).
Our findings demonstrate that in plasma cells, IRF4 is critical for
the regulation of mitochondrial mass, ROS production, and
maximal metabolic capacity, both aerobic and anaerobic. There
is an apparent contradiction within the metabolic profiles of activated B cells as they differentiate into plasma cells. As opposed
to results in previous studies, plasma cells have increased

Figure 6. IRF4 Deletion Alters Metabolism in Plasma Cells
(A) Histogram of MitoOrange analysis by flow cytometry of B cells (gray), IRF4flox/+;CreERT2;vav-huBCL2 GFP+ splenic plasma cells (black), and IRF4flox/ ;
CreERT2;vav-huBCL2 GFP+ splenic plasma cells (red; left) with the MFI of MitoOrange (right). IRF4 deletion was confirmed by GFP expression, and mice were
analyzed 14 days after the initial tamoxifen treatment. The graph represents R4 samples with means and SDs. Comparison by unpaired t test, with *p < 0.05.
(B and C) Impact of IRF4 deletion on metabolism in plasma cell lines with representative Seahorse XF (Agilent) metabolic profiles on MPC-11 using the mitochondrial stress test (B) and the glycolysis stress test (C) with IRF4 intact (black) and IRF4 deleted cells (red). Drugs were added at the time points shown on the
graph. Means and SDs from a single experiment are shown (n = 2, performed in triplicate).
(D) Maximal oxygen consumption rate using the mitochondrial stress test on Seahorse XF in cell lines shown with and without IRF4 deletion.
(E) Maximal extracellular acidification rate using the glycolysis stress test on Seahorse XF in cell lines with and without IRF4 deletion.
(F) Histogram of CellROX Orange analysis by flow cytometry of B cells (gray), IRF4flox/+;CreERT2;vav-huBCL-2 GFP+ splenic plasma cells (black), and IRF4flox/ ;
CreERT2;vav-huBCL2 GFP+ splenic plasma cells (red; left) with the MFI of CellROX Orange (right). The graph represents R4 samples with means and SDs.
Comparison by unpaired t test, with *p < 0.05.
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mitochondrial mass compared to B cells and attain increased
maximal aerobic metabolism when they become long-lived
plasma cells compared to their short-lived counterparts (Lam
et al., 2016). It therefore appears that activated B cells downregulate mitochondrial mass, with a corresponding reduction in ROS,
as they commence differentiation into plasmablasts, but then increase mitochondrial mass and aerobic metabolic capacity as
they differentiate from short-lived into long-lived plasma cells.
These changes appear to coincide with the upregulation of IRF4
gene expression and protein affecting mitochondrial turnover.
IRF4 has been found to be the object of what was termed nononcogene addiction in multiple myeloma cell lines, in that its
deletion or downregulation led to their ultimate demise (Shaffer
et al., 2008). The basis of this cell death, however, could not
be attributed to a particular pathway but instead to the contribution of some undefined number of pathways (Shaffer et al., 2008).
In the present study, we have shown that plasma cell and death
following IRF4 deletion is due to the induction of caspasedependent apoptosis. While the trigger of this apoptosis remains
unknown, the altered mitochondrial homeostasis that develops
in IRF4 deficient plasma cells and lines, evident in mitochondrial
mass, potential, and ROS production, and an increased basal
extracellular acidification rate (ECAR), is an attractive possible
cause. While the increased ROS in these knockout cells is a potential trigger of apoptosis, the failure of the ROS inhibitors to
prevent cell death indicates that this is not the cause. We would
suggest instead that the damage to the mitochondria that the
altered homeostasis and ROS production reflect is itself the
basis for apoptosis though increased mitochondrial outer membrane permeabilization, which is a canonical cause for caspasedependent apoptosis. We note that we have not categorically
determined that the increased ROS is of mitochondrial origin,
and other cellular sources may contribute. This work highlights
the therapeutic opportunities that will arise from delineating the
basis of metabolism in plasma cell biogenesis and persistence
and determining how to modulate the metabolic pathways within
plasma cells. Such insight may then be exploited to develop
therapies for diseases of plasma cells such as multiple myeloma,
Waldenstrom disease, or auto-antibody-driven pathologies.
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KEGG
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LEAD CONTACT AND MATERIALS AVAILABILITY
Further information and requests for resources and reagents should be directed to and will be fulfilled by the Lead Contact, David
Tarlinton (David.Tarlinton@monash.edu). All unique/stable reagents generated in this study are available from the Lead Contact
with a completed Materials Transfer Agreement.
EXPERIMENTAL MODEL AND SUBJECT DETAILS
Animals
All mice were bred and maintained in specific pathogen-free facilities at the Walter and Eliza Hall Institute of Medical Research
(WEHI). Animals were aged and sex matched within individual experiments. All animal procedures were conducted in accordance
with protocols approved by the WEHI Animal Ethics Committee.
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Cell lines
Mouse plasmacytoma lines (J558, MPC-11) and human multiple myeloma cell line (MM1S, OPM2) were obtained from ATCC or
DSMZ. Cells were cultured in B cell media (BCM; RPMI-1640 Glutamax medium (Life Technologies) supplemented with 10% (v/v)
FBS, 100 U/mL 100 mg/mL Penicillin Streptomycin (Sigma Aldrich), 55 mM 2-mercaptoethanol (Sigma Aldrich), 1 mM sodium pyruvate
(Sigma Aldrich) and 1 mM MEM Non-Essential Amino Acids (Life Technologies)) at 37 C with 10% CO2.
Primary B cell cultures
Splenic B cells were purified by negative selection using the B cell Isolation Kit (130-090-862; Miltenyi Biotec). Cultures
were seeded at 5x104 cells and cultured in a final volume of 200 uL BCM with stimulation with either T cell dependent
mitogens in CD40L (in house: produced as described in (Kehry and Castle, 1994) plus IL-4 (10 ng/mL; R&D systems) and
IL-5 (5 ng/mL; R&D systems) or the T cell independent mitogen lipopolysaccharide (LPS) (25 mg/mL; Difco) for 90 h at 37 C
in 10% CO2.
METHOD DETAILS
Mice and tamoxifen treatments
€cker et al., 1997), IRF4flox/flox(Klein et al., 2006), Rosa-CreERT2 (Seibler et al., 2003), vav-human BCL2 transgenic
The Irf4 / (Mittru
(Ogilvy et al., 1999) and mMT (Kitamura et al., 1991) mice have all been reported previously. All mice were maintained on a
C57BL/6 genetic background and were harvested for chimera experiments when aged 6-10 weeks. Chimera recipients were at least
8 weeks of age and were lethally irradiated with 5.5 Gy twice, 3 h apart. Each mouse then received 3-5 3 106 donor cells injected
intravenously (iv) in 200 mL of PBS, 3-4 h after irradiation. Reconstituted mice were given antibiotic water for at least 2 weeks post
irradiation. Chimeras were allowed to reconstitute for 12 weeks before treatment with tamoxifen, given via oral gavage with 5 mg
of tamoxifen each on days 1, 2, 7 and 8 of experiments, before being euthanised 14 days or 8 weeks after the first tamoxifen treatment, as indicated. Animals were aged and sex matched within individual experiments. Single-cell suspensions were prepared from
the spleen and bone marrow for analysis. All animal experiments were conducted according to the protocols approved by the Walter
and Eliza Hall Institute (WEHI) animal ethics committee.
Antibodies and flow cytometry
Single cell suspensions were stained with mAbs against B220 (RA3-6B2; BD Biosciences), BCMA (REA550; Miltenyi Biotec),
CD84 (mCD84.7; Biolegend), CD98 (RL388; Biolegend), CXCR5 (2G8; BD Biosciences) FasL (MFL3; BD Biosciences), Ly5.1
(A20; BD Biosciences), Ly 5.2 (104; BD Biosciences), PD-1 (RMP-30; Biolegend), sXBP-1 (Q3-695; BD Biosciences) CD138
(281.2 (BD Biosciences). Intracellular staining for IRF4 (3E4; ThermoFisher), Ig Kappa light chain (187.1; BD Biosciences) and
IgG (Polyclonal; Biolegend) was performed using the FoxP3 staining buffer set (eBiosciences). Viability was determined using
Sytox Blue (ThermoFisher). Mitochondria, ROS and lipid content were assessed using Mito-Tracker Orange, Mito-Tracker Deep
red, TMRM, Cell Rox Orange and ER tracker red, all purchased from ThermoFisher. Cells were analyzed in FACSCanto or
FortessaX20 flow cytometers (BD Biosciences) and cell sorting carried out using FACSDiVa or Aria flow cytometers (BD
Biosciences).
DNA Content/Cell cycle measurements
At the time points indicated, IRF4 sufficient and null MM1S cells were harvested and stained with eBioscience Fixable Viability Dye
eFluor 780 (ThermoFisher) prior to fixing with eBioscience Foxp3 / Transcription Factor Staining Buffer Set (ThermoFisher) according
to the manufacturer’s instructions. Cells were then stained with anti-mouse/human Ki-67-PE (11F6, Biolegend) for 30 mins on ice
prior to washing and staining for DNA content by incubating cells in 1X Permeabilization Buffer supplemented with 12.5 mM Sytox
Green (S7020, ThermoFisher), 100 mg/ml RNase and 2 mM MgCl2 for 20 min at RT. Cells were acquired on LSR-Fortessa at
400 cell/sec as previously described (Kim and Sederstrom, 2015). Deletion of IRF4 was initiated at time zero by doxycycline addition to culture with empty vector or IRF4 sgRNA.
ELISpot assays
The frequency of cells capable of antibody secretion was determined by ELISpot assay. Fifty cells of interest were plated into replicate wells of 96-well cellulose ester–based plates (MAHA-S45-10; Millipore Corp.) coated with DA (Sheep anti Mouse total Ig, Affinity
isolated, Silenus Laboratories), followed by 20 h culture in RPMI medium containing 50 mM 2-mercaptoethanol and 5% fetal calf
serum. Plates were washed, and bound with either pooled anti-IgG (goat anti mouse IgG1 antibodies, goat anti mouse IgG2a antibodies, goat anti-mouse IgG2b antibodies, goat anti-mouse IgG2c antibodies, goat anti-mouse IgG3 antibodies, all conjugated to
HRPO; Southern Biotechnology Associates; SBA), anti-IgM (goat anti-mouse IgM antibodies conjugated to HRPO; SBA) or antiIgA (goat anti-mouse IgA antibodies conjugated to biotin followed by a second step Streptavidin-HRPO; SBA). Antibody secretion
was visualized by the addition of 3-amino-9-ethyl carbazole. Spots, each representing a single antibody-secreting cell, were counted
using an ELISpot reader (Autoimmune Diagnostika).

e3 Cell Reports 29, 2634–2645.e1–e5, November 26, 2019

Cell culture
Splenic B cells were purified by negative selection using the B cell Isolation kit (130-090-862; Miltenyi Biotec). B lymphocytes were
then labeled with cell trace violet according to the manufacturer’s protocol (CTV; Life Technologies) at a concentration of 5 mM at
37 C for 20 min. B cells were then placed into tissue culture. Cultures were seeded at 5x104 cells and cultured in a final volume
of 200 uL with stimulation with either T cell dependent mitogens in CD40L (in house: produced as described in Kehry and Castle
(1994) plus IL-4 (10 ng/mL; R&D systems) and IL-5 (5 ng/mL; R&D systems) or the T cell independent mitogen lipopolysaccharide
(LPS) (25 mg/mL; Difco) for 90 h at 37 C in 10% CO2.
CRISPR-Cas9 mediated gene deletion
Plasmid vectors for CRISPR/Cas9 deletion of genes of interest were provided with thanks by Dr Marco Herold (WEHI), which have
been described previously (Aubrey et al., 2015) and were delivered via a lentivirus system. The sequences used are outlined below.

IRF4.1

Mouse IRF4

F: TCCCGCAGGACTACAATCGTGAGG
R: AAACCCTCACGATTGTAGTCCTGC

IRF4.2

Mouse and human IRF4

F: TCCCGGTGTACAGGATTGTTCCAG
R: AAACCTGGAACAATCCTGTACACC

IRF4.3

Mouse and human IRF4

F: TCCCCGTTCTCCCACACCAGCCCG
R: AAACCGGGCTGGTGTGGGAGAACG

BCMA.1

Human BCMA

F: TCCCAATGAACTTCGCCTGCTTCG
R: AAACCGAAGCAGGCGAAGTTCATT

BCMA.2

Human BCMA

F: TCCCGCTGTGTCTTCGCGGCAGCTA
R: AAACTAGCTGCCGCGAAGACACAGC

Whole transcriptome analysis
RNA was isolated from samples using the RNeasy Plus Mini kit (QIAGEN). Two biological replicates were generated and sequenced
for each sample except FoG and BMPC, which each had only one library generated for this study. DNA libraries were then prepared
for sequencing using the Nextera DNA Library preparation kit (Illumina). Essentially, input DNA was fragmented, amplified and
tagged. Following this, it was purified and sequenced on a Miseq system (Illumina). Between 23-34 million reads were analyzed
per sample. Two public GEO datasets (Database: GEO: GSE60927, GEO: GSE70981) were also downloaded and included in this
analysis. Mouse samples’ read sets were aligned to the GRCm38/mm10 build of the Mus musculus genome; human sample read
sets were aligned to GRCh38/h38 build of Homo sapiens genome, using the Subread aligner (Liao et al., 2013). Only uniquely mapped
reads were retained. Genewise counts were obtained using featureCounts (Liao et al., 2014). Reads overlapping exons in mouse
annotation build 38.1 or human annotation build 38.2 of NCBI RefSeq database were included. Immunoglobulin genes were removed
from mouse data due to their extremely high expression in plasma cells (accounting for up to 73% of RNA sequencing reads). Genes
were filtered from downstream analysis if they failed to achieve a CPM (counts per million mapped reads) value of at least 0.5 in at
least two libraries in human data or at least 0,5 in at least one library in mouse data. Reads mapped to the immunoglobulin variable
genes were excluded. Counts were converted to log2 counts per million, quantile normalized and precision weighted with the ‘voom’
function of the limma package (Law et al., 2014; Ritchie et al., 2015). A linear model was fitted to each gene, and empirical Bayes
moderated t-statistics were used to assess differences in expression (Smyth, 2004). Genes were called as differentially expressed
if they achieved a false discovery rate of 0.2 or less with a fold-change > 1.5. Pathway analysis was performed using the Kyoto Encyclopedia of Genes and Genomes (KEGG) database: https://www.genome.jp/kegg/ (Kanehisa et al., 2016).
IRF4 binding analysis
The IRF4 ChIPseq dataset from LPS activated plasmablasts was downloaded from the Gene Expression Omnibus (GEO) database:
GEO: GSM1843342. Sequence reads were mapped to the GRCm38/mm10 build of the Mus musculus genome using the Subread
aligner. Only uniquely mapped reads were kept. IRF4 binding peaks were called by using MACS2 program with a false discovery rate
cutoff of < 10 6. Called peaks had to have at least 70 support reads in the 200 bp region centered on the binding summit. Peaks were
assigned to genes if they occurred < 20 kb upstream of the transcriptional start sites, within the gene body or < 5 kb downstream of
the end of transcription. Within these parameters multiple gene assignments were allowed.
Western blot analysis
Antibodies used were specific for Actin (I-19; Santa Cruz), BCL2 (clone 7, BD Biosciences), BCMA (Abcam), IRF4 (3E4;
ThermoFisher), and MCL1 (AA3; Okamoto et al., 2014) .Protein extracts corresponding to equal cell numbers were loaded onto
the gel and subjected to western blotting using standard techniques.
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Electron microscopy
Plasma cells that had been purified by FACS sorting were fixed in electron microscopy fixative comprising 2.5% glutaraldehyde in
0.1M sodium-cacodylate buffer with 2% v/v paraformaldehyde (supplied by the Centre for Advanced Histology and Microscopy at
the Victorian Comprehensive Cancer Centre) for 1 h on ice. After fixation, cells were washed with 0.1 M sodium-cacodylate + 500 mM
CaCl2 and 1 mM MgCl2 twice (supplied by the Centre for Advanced Histology and Microscopy).
Seahorse analysis
Metabolism analysis was performed on a Seahorse XFe96 extracellular flux analyzer (Agilent). Mitochondrial stress tests and glycoslysis stress tests were performed using the Seahorse XF cell Mito stress kit and the Seahorse XF Glycolysis stress kit (Agilent),
respectively. XF96 cell culture microplates (Agilent) were coated with Cell Tak concentrate (Corning) at a concentration of
22.4 mg/mL. Cells of interest were seeded into plates at a concentration of 2x105 in 80 mL of medium. All experiments were performed
in biological triplicates. Metabolism stimulators and inhibitors were added at a fixed volume at 20 min intervals. Mitochondrial stress
test reagents: Oligomycin (0.75 mM), Carbonyl cyanide p-(tri-fluromethoxy)phenyl-hydrazone (FCCP) (1.5 mM), Rotenone/Antimycin A
(0.5 mM). Glycolytic stress test reagents: Glucose (10 mM), Oligomycin (1 mM), 2-Deoxy-D-Glucose (2-DG) (50 mM).
QUANTIFICATION AND STATISTICAL ANALYSIS
Animal numbers, experimental replicates and statistical significances are represented in each figure and figure legend. The statistical
tests used and the p values are indicated in figures and figure legends.
Statistical significance of non-RNA Seq data was assessed with Prism6 (GraphPad). t tests for all single comparisons were
unpaired, assumed Gaussian distribution and that both populations had the same SD. Enrichment of IRF4 binding in Differentially
Expressed (DE) gene lists was determined using c 2-tests. Bar graphs display the arithmetic mean ± SD unless stated otherwise.
DATA AND CODE AVAILABILITY
The accession number for the RNA sequencing datasets reported in this paper is GEO: GSE126925.
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