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Abstract

Plasma cell differentiation requires silencing of B cell transcription, while establishing antibody-
secretory function and long-term survival. The transcription factors Blimp-1 and IRF4 are
essential for plasma cell generation, however their function in mature plasma cells has remained
elusive. We have found that while IRF4 was essential for plasma cell survival, Blimp-1 was
dispensable. Blimp-1-deficient plasma cells retained their transcriptional identity, but lost the
ability to secrete antibody. Blimp-1 regulated many components of the unfolded protein response
(UPR), including XBP-1 and ATF6. The overlap of Blimp-1 and XBP-1 function was restricted to
the UPR, with Blimp-1 uniquely regulating mTOR activity and plasma cell size. Thus, Blimp-1 is
required for the unique physiological capacity of plasma cells that enables the secretion of
protective antibody.
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INTRODUCTION

The production of antibody is an essential arm of the immune response, providing both
immediate protection against a current infection and long-term immunity against re-
exposure to the same pathogen. The antibody-secreting cell (ASC) compartment consists of
short-lived proliferating plasmablasts (PBs), which are generated early in an immune
response, and long-lived post-mitotic plasma cells (PCs) that reside in specialized niches in
the bone marrow (BM)1:2. These long-lived PCs have been shown to maintain high-titers of
protective antibody for decades after pathogen exposure or immunization3. Thus
understanding the factors that control PC production, function and long-term survival is
critical for both improved vaccine design and to provide novel approaches to target
pathogenic PCs in diseases such as multiple myeloma and systemic lupus erythematosus.

To achieve the dual goal of maintaining an extremely high rate of immunoglobulin secretion,
while ensuring long-term survival, PCs show a highly specialized morphology with enlarged
cytoplasm and tightly arranged endoplasmic reticulum (ER). PCs also constitutively activate
the unfolded protein response (UPR), a specialized sensing mechanism to detect and deal
with large amounts of protein passing through the ER?.

The differentiation of activated B cells into PCs requires the coordinated change in the
expression of many hundreds of genes, including the silencing of B cell-associated
transcripts, including the transcription factors Pax5, Bach2and Bcl6, and the activation of a
suite of PC-specific genes®®. This developmental program is guided by a triad of
transcription factors; IRF4, Blimp-1 (encoded by PrdmI) and XBP-1. IRF4 is both highly
expressed and essential for PC development, at least in part due to its regulation of Prdm1
(refs. 7-9). Blimp-1 is expressed in all ASCs and is also required for their differentiation
beyond an early pointl9-12, Blimp-1 has to date been thought of as a transcriptional
repressor, silencing several important B cell genes, including Pax5 (ref. 13), Myc'4, Ciita'®,
Bcl6, Spiband /d3 (ref. 16), with only limited understanding of its targets in PCs 17, XBP-1,
an important component of the UPR, was initially proposed to the essential for PC
formation!8, however, recent evidence suggests that XBP-1 is more specifically required for
immunoglobulin production!®-22, As a consequence of the important functions of IRF4 and
Blimp-1 early in the differentiation process, there is little current knowledge about the
function of these factors in long-lived PCs23:24, Here we have used a genetic approach to
investigate the functional consequences of the loss of either IRF4, Blimp-1 or XBP-1 in
mature post-mitotic BM PCs.
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IRF4 and Blimp-1 inactivation in plasma cells

To assess the importance of IRF4 and Blimp-1 in mature BM PCs, we crossed mice carrying
JoxP-flanked (floxed) alleles encoding both genes2°:26 to Rosa26-CreERTZ mice?’. This
system allows the tamoxifen-inducible inactivation of /rf4 or Prdm1 in pre-existing PCs. To
facilitate the tracking of PCs, Prdmi-floxed and control mice also carried a Pram1CFP
reporter allele, which expressed green fluorescent protein (GFP) but no functional Blimp-1
(ref. 11), while /rf4-floxed mice carried an internal GFP cassette that reported gene
inactivation26, We transferred B cells from these mice into B- and T cell-deficient Ragz/~
mice to generate a large population of PCs, and Cre activity was induced by tamoxifen
administration 14 days later. Although inactivation of /r74 occurred equivalently in /rff1/*
and /r~ in B cells (approximately 15% GFP™ cells in each genotype, data not shown),
GFP* PCs were lost from the BM, early as two days after tamoxifen treatment,
demonstrating that IRF4 was indispensable for PC survival (Fig. 1a and Supplementary Fig.
1a). By contrast, inactivation of Pradm1 using an identical strategy resulted in a PC
population was that stable for many weeks after tamoxifen treatment (Fig. 1a and
Supplementary Fig. 1a). To confirm this result, we induced Pradm inactivation in intact
naive Prami/9fPCreERT2 mice, and again found that BM PCs persisted without Blimp-1
(Fig. 1b and Supplementary Fig. 1b). Similar differential dependency of PC survival on
IRF4 and Blimp-1 was observed in spleen (Supplementary Fig. 1a-d). Although both models
showed a statistically significant reduction in PCs numbers at the latest time points after
Prdm1 inactivation, the data derived from the two genotypes are not strictly comparable, as
the Prdm1*/9% B cells continue to produce new PCs throughout the course of the
experiment, while the Pram17/9% cells lack this capacity. Consistent with this conclusion,
we observed no statistically significant change in proportion of Pradm1f/9% pCs, both in
steady state and after immunization with a protein antigen in alum, over the time frame
examined (Fig. 1a,b and Supplementary Fig. 1c-€). The efficiency of Pradm1 ablation was
assessed by treating RagZ~'~ mice with tamoxifen two days after transfer, before PCs could
be formed. This approach completely blocked PC differentiation, mimicking the conditional
removal of Pram1 from activated B cells in vitro (1228, Supplementary Fig. 1f, 2a). PCR
genotyping of purified B cells and PCs confirmed the efficient inactivation of the Pram1
locus in both cell types (Supplementary Fig. 2b). These data demonstrate that Blimp-1 was
not essential for the long-term survival of bone marrow plasma cells.

Blimp-1 regulated genes in plasma cells

The long-term persistence of Blimp-1-deficient PCs enabled us to investigate the impact of
Blimp-1 loss on the transcriptome of long-lived PCs. We performed RNA sequencing on
BM PCs purified from Pram1V/9%PCreERTZ and control Pram1+/9PCreERT2 mice 21 days
after tamoxifen treatment. Analysis of the frequency of Pram1 transcripts spanning exons
5-6, which are removed by the Cre-mediated excision of the floxed exon 5, revealed an 87%
reduction in frequency of full-length transcripts in the Pram1f/9PCreERT2 samples,
compared to the control Pram1/9"PCreERTZ genotype (Supplementary Fig. 2c). 465 genes
were differentially expressed (170 genes activated and 295 repressed by Blimp-1,
normalized average expression 24 RPKM in at least one sample, False Discovery Rate
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(FDR) <0.05 (Supplementary Table 1)) between control and Blimp-1-deficient PCs (Fig.
2a). Cross referencing these differentially expressed genes with Blimp-1 binding, as
assessed by ChlPseq using a biotin-tagged Pram1 allele?® in jn vitro-generated PBs,
revealed that 28% (47/170) of Blimp-1-activated and 41% (120/295) of Blimp-1-repressed
genes were bound by Blimp-1, and were thus potential direct target genes (Supplementary
Table 1). Partitioning of the proteins encoded by the differentially expressed genes into
functional categories showed that the largest group of Blimp-1-activated genes encoded
proteins involved in metabolism and nutrient transporters, whereas many genes that
Blimp-1-repressed encoded receptors and signaling molecules (Fig. 2b). This analysis also
suggested a role of Blimp-1 in inhibiting the B cell functions, including antigen presentation
(MHCII molecules), pathogen recognition ( 7/r9) and signaling through the activating
receptors (Cd79b, BankI). Concomitantly, Blimp-1 appeared important for the transcription
of genes related to metabolic activity of the PC, most likely to adapt to its secretory function
(7pst2, Syvnl, Fkbpl1I). Interestingly, very few genes involved in cell cycle or survival were
affected by Blimp-1 loss. For example, My, a known target of Blimp-1-mediated
repression and central regulator of proliferation4, was not re-expressed. The expression of
essential players in PC survival, as Mc/1 (ref. 30), Bc/2/11 (encoding Bim) or 7nfrsf17 (31,
encoding BCMA) remained similarly unchanged (Fig. 2¢ and data not shown).

As Blimp-1 has previously been implicated in the silencing of the B cell transcriptional
program upon PC differentiationl®, we examined whether the BM PCs revert to the B cell
stage without Blimp-1. Several B cell-associated genes, including Ca22, Spib, Cd79b, and
Ciitawere re-expressed in the absence of Blimp-1 (Fig. 2c). Most importantly, the genes
encoding Pax5and Bcl6, two of the major regulators of the B cell transcriptome and known
targets of Blimp-1 repression!3.16 were not re-expressed, demonstrating that the Blimp-1—
deficient PCs were not reverting to the more developmentally immature B cell fate (Fig. 2c
and data not shown). The absence of Pax5and Bcl6 expression may also explain the only
partial reactivation of the B cell genes such as those encoding CD22 and MHCII, compared
to their expression in wild-type B cells (Fig. 2c,d). Blimp-1 was also required for the normal
expression of some PC genes including CD93 (Fig. 2c,d). To further our analysis, we
compared the Blimp-1—-activated genes with our recently defined signature of 301 PC genes®
and found that 88% (264/301) of the signature genes were expressed independently of
Blimp-1 (Fig. 2e). When combined with previous studies10-12.16.20.29 these results
demonstrate that although Blimp-1 is essential for the establishment of the full PC gene
expression program, once formed, PCs maintain their unique transcriptome largely
independent of Blimp-1.

Blimp-1 controls plasma cell size and ultrastructure

During our analysis of the survival kinetics, we noticed that the Blimp-1-deleted PCs
displayed a smaller size, granularity and a continuum of reduced expression of CD138 and
Blimp-1-GFP (Fig. 3a). Transmission electron microscopic examination of the cellular
ultrastructure also revealed that Blimp-1—-deficient BM PCs displayed a severe disruption of
their distinctive dense ER (Fig. 3b), a finding substantiated by staining by with a fluorescent
dye specific for the ER (Fig. 3c). By contrast, staining for secretory granules, using
lysotracker, was increased in Blimp-1-deficient PCs, suggesting impaired lysosomal
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trafficking. As an independent measure of secretory activity of the PCs we measured the cell
surface exposure of the lysosome-associated protein CD107a (Fig. 3c). Blimp-1-deficient
BM PCs had strongly decreased CD107a staining, again indicative of impaired lysosomal
fusion with the plasma membrane. Thus Blimp-1 is required to maintain the characteristic
PC morphology and cytoplasmic organization.

Blimp-1 controls immunoglobulin secretion

As the fundamental function of PCs is to produce immunoglobulin, we assessed the
secretory capacity of Blimp-1-sufficient and —deficient PCs by ELISPOT assay. Spleen and
BM PCs were purified 14-28 days after tamoxifen treatment and tested for IgM and pan-l1gG
secretion (Fig. 4a). Secretion of both immunoglobulin isotypes was reduced in the spleen
and, most strikingly, the BM in absence of Blimp-1. To determine if this defect resulted from
a decrease in /g transcription we examined our RNA sequencing data and found that, with
the notable exception of those encoding IgM (7ghm) and 19G3 (1ghg3), /g transcripts were
not affected by Blimp-1 loss (Fig. 4b).

The /ghisotypes are produced in two different isoforms that differ in their use of
polyadenylation sites32. The longer membrane-bound receptor form is highly expressed in B
cells, while the shorter secreted form predominates in PCs (Supplementary Fig. 3a). Closer
inspection of the expression of the exon use of the /g/ constant regions revealed a relative
increase in the transmembrane form in Blimp-1-deficient PCs, thus lowering the ratio
between secreted and membrane-bound transcripts (Fig. 4c,d). We then assessed the protein
expression by intracellular flow cytometry staining. The proportion of 1IgG*, IgA™ or IgxA™*
PCs was similar in Blimp-1-deficient and control PCs (Fig. 4e and data not shown). In line
with the reduced /g/m expression, the frequency of IgM* PCs was severely diminished (Fig.
4e). Intra- and extracellular flow cytometry staining for IgA and IgM confirmed that whereas
the total protein expression was decreased, the membrane-bound form was maintained (Fig.
4f). The elongation factor EII2 has been shown to play a major role in this alternative
polyadenylation process33:34. £//2was a direct target of Blimp-1 (Supplementary Table 1)
and its expression was reduced in Blimp-1-deficient PCs (Fig. 4g). Those data suggest that
Blimp-1 contributes to the efficient transition from a membrane-bound to a secreted form of
Ighin PCs, at least in part through the direct control of £//2 expression.

Blimp-1 regulates the unfolded protein response

The partial re-expression of the membrane-bound /g/ at the expense of the secreted isoform
could only partially explain the secretion defect observed after Blimp-1 inactivation.
Therefore we examined the expression of the major regulators of the UPR that controls
protein synthesis, folding, posttranslational modifications and expansion of the secretory
apparatus (Supplementary Fig. 3b). Importantly, XBP-1, ATF4 and ATF6, the three main
transcription factors known to implement this pathway,*3° were all significantly down-
regulated at the mRNA and protein levels in BM PCs after PramZ inactivation (Fig. 5a and
Supplementary Table 2). ChlPseq assay of /n vitro generated PBs identified Blimp-1 binding
sites in Atf6, but not Atf4 or Xbp1 (Fig. 5b and data not shown). The regulation of Xbp1 by
Blimp-1 is likely two-pronged, with Blimp-1 activating A6, a known inducer of XbpI (ref.
36), and also promoting formation of the active spliced form of XBP-1(s) through the direct
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regulation of £rn1, encoding Irel (Fig. 5b)37. The requirement for Blimp-1 for full
expression of the key regulators of the UPR translated into a down-modulation of the
expression of the majority of genes encoding the downstream components of the pathway
(Fig. 5¢, Supplementary Table 2 and Supplementary Fig. 4a). Interestingly, the function of
Blimp-1 in the UPR was much broader than the regulation of the key transcription factors, as
Blimp-1 directly bound to 38% (45/119) of UPR genes expressed in PCs, representing all
branches of the pathway (Supplementary Table 2). Taken together these data demonstrate
that Blimp-1 is a central transcription factor of the UPR in PCs.

To examine the overlap between Blimp-1 and XBP-1 in controlling the UPR and the PC
transcriptome more generally, we generated mice with inducible deletion of XbpZ using the
CreERT2 system (Supplementary Fig. 2d). As previously reported, Xbp inactivation had no
impact on the size of the PC population19:21.22 (Fig. 6a). RNA sequencing analysis revealed
that 632 genes were differentially expressed in the absence of XBP-1 (Fig. 6b and
Supplementary Table 3), and importantly Prdm21 was not down-modulated, but mildly up-
regulated without XBP-1 (fold change=1.68, FDR=0.047). The comparison of Blimp-1 and
XBP-1-regulated genes showed only a modest overlap of 56 genes (31 activated, 25
inhibited, 12% of total), making it unlikely that the Blimp-1-mediated control of PC
function was predominantly through XBP-1 regulation (Supplementary Fig. 4b), a
conclusion that agrees with the earlier studies using /n vitro derived PCs20, Of note, XBP-1-
deficiency in BM PCs resulted in a global reduction in all /g/ transcripts (Fig. 6¢). Reduced
immunoglobulin expression was confirmed at the protein level (Fig. 6d) and correlated with
reduced secretory function, as measured by CD107a (Fig. 6e) and the size of ELISPOTSs for
IgA and IgM (Fig. 6f and data not shown). An overall analysis of the UPR pathway revealed
a similar down-modulation (Fig. 6g) to that observed without Blimp-1 (Fig. 5c), however in
contrast to Blimp-1, the activity of XBP-1 was focused on particular processes of the
pathway, notably the protein folding and targeting to the ER, while having almost no effect
on other effectors such as the transcription factors (Supplementary Table 2 and
Supplementary Fig. 4a). XBP-1 loss also had very little impact on the expression of the B
cell and PC signature genes, beyond the UPR (Supplementary Fig. 4c). This analysis reveals
that while the functions of Blimp-1 and XBP-1 overlap in the control of /g/hexpression and
some aspects of the UPR, most of their functions in PCs are unique.

Blimp-1is required for full mTOR activity

A characteristic phenotype of the Blimp-1-deficient PCs was their decreased cell size, a
feature that is under the control of the mTOR (mammalian target of rapamycin) pathway3.
The kinase mTOR is part of two complexes, mMTORC1 and mTORC?2, the former regulating
cell size, organelle biogenesis and proteosynthesis (Supplementary Fig. 3c). Analysis of the
RNA sequencing data revealed that the expression of the core components of either
complex, such as Mrtor, Raptorand Rictor, was not affected by Blimp-1 loss in PCs (data not
shown). In contrast, assessment of the activity of the mTORC1 complex through the
phosphorylation of mTOR itself (Ser2448) and one of its downstream targets S6
(Ser235/236) revealed that the pathway activity was highly upregulated in PCs, compared to
B cells, and dependent upon Blimp-1 (Fig. 7a). As a control, we tested the phosphorylation
of an mTORC2 target, Akt (Ser473), and found it unaffected (Fig. 7a). Amino acid supply,
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in particular leucine, is a crucial regulator of the mTORC1 activity39, and we determined
that the expression of several amino acid carriers was decreased in Blimp-1-deficient BM
PCs (Fig. 7a,b). The expression of one of those carriers, CD98, was particularly high on PCs
and strongly Blimp-1-dependent (Fig. 7a). CD98 is encoded by S/c3a2and Slc7a5, both
Blimp-1-regulated genes, with the latter also being directly bound by Blimp-1 (Fig. 7b,c).
The expression of the transferrin receptor (CD71, encoded by 77rc), another carrier known
to modulate mTORCL activity, was also decreased in absence of Blimp-1 (Fig. 7b).
Furthermore, two members of the Sestrin family#C, Sesn and Sesn3were targets of
Blimp-1-mediated repression, being bound by Blimp-1 and their expression was augmented
in Blimp-1-deficient PCs (Fig. 7b,c). Sestrins are activators of the AMP-activated protein
kinase (AMPK), which inhibits mMTORC1 through the phosphorylation of one of its
components, Raptor4L, In keeping with increased AMPK activity, the phosphorylation of
two AMPK targets, ACC (Acetyl-CoA carboxylase) (Ser79) and Raptor (Ser792), were
significantly enhanced following loss of Blimp-1 (Fig. 7a). Those data suggested that
Blimp-1 acts at multiple points to positively regulate mTORC1 activity; through the
activation of the amino acid carrier, including CD98, and repression of the expression of the
negative regulatory Sestrins, thus preventing AMPK activity.

DISCUSSION

IRF4, Blimp-1 and XBP-1 are the best characterized transcription factors active in mature
PCs. By removing each one in fully differentiated PCs /n vivo, our data demonstrated that
these factors play specific roles in the PC biology. PC survival critically relied on IRF4,
potentially through the regulation of a key survival molecule such as Mcl-1 (ref. 30). The
ablation of the PC lineage at even early points after /rf4-inactivation agrees with previous
studies using multiple myeloma cell lines23 and precludes any further investigation into the
IRF4 downstream targets using these /7 vivo models. By contrast, we determined that
mature PCs survived the acute loss of either Blimp-1 or XBP-1. These findings contrast with
earlier studies that concluded that both factors were essential for PC survivall8:28. The major
point of difference in these studies was that the previous authors predominantly tracked
antibody abundance and specificity as a surrogate for PC frequency, thus the loss of antibody
due to the greatly impaired secretion in both mutant mouse strains, gave the misleading
impression of the disappearance of PCs. The use of the Blimp-1-GFP reporter also provided
us with a superior tool to track the PCs at high resolution, compared to the use of CD138 or
immunoglobulin secretion!. The survival of Blimp-1 and XBP-1 -deficient PCs is also
compatible with the recent reports that both proteins may act as tumor suppressors in
multiple myeloma®2:43,

Blimp-1 has long been known to be essential for the developmental transition between
activated B cells and PCs!2. Blimp-1 is thought to act by the repression of the major
regulators of the B cell program, including Pax5, Bcl6, Spib, Ciita, as well as silencing Myc
to facilitate the post-mitotic state of mature PCs (reviewed in24). By comparing our
transcriptomic data with the recently reported PC signature® it was apparent that Blimp-1
was not required to maintain the core identity, as defined by their transcriptional program, of
already mature PCs. Blimp-1 does play some role in repressing B cell transcription, as a
number of B cell genes including those encoding CD23, CD22, Spi-B, 1d3, and TLR9, but
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not Pax-5, Bcl-6 or Myc were re-expressed without Blimp-1, suggesting that while some
targets require active Blimp-1-mediated repression, the repression of others is maintained
indirectly through other mechanisms in fully mature PCs. Our current findings, together with
prior studies from a number of groups, suggest a model where Blimp-1 is essential for the
establishment of the full plasma cell transcriptome9-12.16.20.29 byt once established plasma
cell identity is maintained independent of Blimp-1.

/g accounts for approximately 70% of total transcripts in long-lived PCs8, allowing each cell
to produce close to 2 ng of antibodies per day*4. To reach and stably maintain this secretory
capacity, PCs require specialized machinery and metabolic activity. Our data demonstrate
that Blimp-1 plays a central role in this process through the enforcement of the UPR and
mMTOR pathways. In PCs, the UPR has been proposed to function not as a stress response,
but as a preemptive physiological pathway, implemented during the early differentiation that
precedes the high immunoglobulin expression®®. Supporting this conclusion, we
demonstrated that it is XBP-1, and not on the whole Blimp-1, that maintains the expression
of /g transcripts in mature PCs. Blimp-1 is intimately involved in the UPR, directly
regulating Atf6and Erni, both of whom are required for full XBP-1 expression and UPR
function, as well as directly regulating 38% of the downstream genes in this pathway.
Blimp-1 was also required to maintain the characteristic cytoplasmic morphology of PCs, a
function also linked to the inability to fully activate XBP-1 (refs. 21,46).

Beyond the UPR the targets of Blimp-1 and XBP-1 were largely independent suggesting
distinct functions in PC biology. The regulation of mTOR pathway activity by Blimp-1
represented one such unique role. mTOR has a complementary function to the UPR*’, as it
modulates the proteosynthesis or the organelle biogenesis in response to environmental
stimuli, and in particular to nutrient availability. Moreover, enhanced mTOR activity can
promote immunoglobulin production independently of XBP-1 (ref. 46). Our data showed
that Blimp-1 directly fostered this pathway through two independent mechanisms. Blimp-1
supported the amino acid supply of the PCs by directly promoting the expression of specific
carriers, such as CD98, and prevented the activity of the inhibitory Sestrin~AMPK axis.
Taken together our studies demonstrate that while the survival and identity of long-lived PCs
is largely independent of Blimp-1, this multifunctional transcriptional regulator is essential
for the molecular and cellular changes that support the extremely high and sustained rates of
antibody secretion that are essential for protective immunity.

METHODS

Mice
Pram18®* 11 prami 25, jrff 26 Xbpif 22 and Rosa26-CreERT2 27 mice were bred and
maintained at the animal facilities of the Walter and Eliza Hall Institute. PramIf mice
carried a /oxP-flanked exon 5, while Pram19™ mice expressed an allele truncated after exon
5 (of a total of 7 exons). The PCR analysis for exon 5 loss has been described previously2®.
All mice were on C57BL/6 background. Animal experiments were conducted according to
the protocols approved by the Walter and Eliza Hall Institute ethics committee.
Immunization was a single intraperitoneal injection of 100 ug NP-KLH precipitated onto
alum (ThermoScientific). For cell transfer experiments, total splenocytes (5 x 108) or
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isolated B cells (2 x 108) were injected intravenously into RagZ~'~ recipients. Cre-mediated
deletion of /oxP-flanked alleles was triggered by the administration of tamoxifen (Sigma-
Aldrich, 0.2 mg/g) by oral gavage on two consecutive days.

Plasmablast generation in vitro

B cells were isolated from splenocytes by positive selection using the B220- or CD19-coated
beads (Miltenyi Biotec) and cultured as previously described®. Cultures were seeded at 1 x
108/ml with optimal concentrations of CD40L (100 ng/ml; R&D Systems), 1L-4 (10 ng/ml;
R&D Systems) and IL-5 (5 ng/ml; R&D Systems). Cultures were treated with 4-
hydroxytamoxifen (Sigma-Aldrich) at 100 nM.

Flow cytometry and cell sorting

Single-cell suspensions were stained with the following antibodies to surface molecules:
CD138 (281.2; BD Biosciences), CD19 (1D3; in-house), B220 (RA3-6B2; in-house), IgM
(1141; eBiosciences), CD98 (RL388; Biolegend), CD93 (AA4.1; BD Biosciences), MHCII
(M5; eBiosciences), CD22 (OX-97; Biolegend), CD107a (1D4B; BD Biosciences), CD71
(B2; BD Biosciences). Cells were stained with lysotracker deep red or ERtracker red
(Molecular Probes) according to manufacturer’s instructions. For intracellular transcription
factor and immunoglobulin measurement, cells were fixed and permeabilized using the
eBiosciences transcription factor staining buffer set and BD Cytofix/Cytoperm kit
respectively, then stained antibodies specific for: XBP-1s (Q3-695; BD Biosciences), ATF4
(D4BS8; Cell Signaling), ATF6 (polyclonal; Abcam), IgM (polyclonal; Jackson
Immunoresearch), 19gG (polyclonal; Jackson Immunoresearch), IgA (mA-6E1;
eBiosciences), Igx (187.1; BD Biosciences), IgA. (TB28-2; BD biosciences). For phospho-
protein detection, cells were prepared using BD Phosphoflow lyse/fix buffer and perm buffer
I11, and labeled with specific antibodies that recognize: p-S235/236-S6 (D57.2.25; Cell
Signaling), p-S2448-mTOR (D9C2; Cell Signaling), p-S79-ACC (D7D11; Cell Signaling),
p-S792-Raptor (polyclonal: Cell Signaling), p-S473-Akt (M89-61, BD biosciences). Stained
cells were analyzed on a FACSCantoll or Fortessa X20 (BD Biosciences). PCs were
enriched from BM cells with biotinylated anti-CD138 (8B12; in-house) and anti-biotin
microbeads (Miltenyi Biotec) and sorted with FACSDiva or Aria cytometers (BD
Biosciences).

ELISPOT assay

Multiscreen-HA plates (Millipore) were coated with anti-mouse Immunoglobulin. Cells
were incubated on the plates overnight at 37 °C. After incubation with biotinylated
antibodies, followed by streptavidin-alkaline phosphatase, spots were developed using the
substrate VectorBlue (Vector Labs). All antibodies used for coating and labeling were
obtained from Southern Biotechnology Inc.

Whole transcriptome analysis

RNA was isolated from ex vivo sorted Blimp-1-GFP*CD138* PCs from previously
tamoxifen treated Pram1+/9CreERT2, prom1M/9feCreERT2 xpp MM prom1+/9fPCreERT2 and
Xbp1t"* Pram1'9PCreERTZ BM using the Qiagen RNeasy Micro kit. Libraries were
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generated using the lIllumina Truseq RNA sample preparation kit following manufacturer
instructions. Two biological replicates, each containing material pooled from multiple
individual mice, were generated and sequenced for each sample. For all samples 100 ng
RNA were subjected to a transcriptome 75-100 bp single-end sequencing on an lllumina
HiSeq 2500 instrument at the Australian Genome Research Facility. Raw RNA-seq data
previously generated for follicular B cells (GSE60927) were also included in this analysis.

Sequence reads were aligned to the GRCm38/mm10 build of the Mus musculus genome
using the Subread aligner®. Only uniquely mapped reads were retained. Genewise counts
were obtained using featureCounts®?. Reads overlapping exons in annotation build 38.1 of
NCBI RefSeq database were included. /g genes were excluded from the gene-level
expression analysis and were analyzed separately. Genes were filtered from downstream
analysis if they failed to achieve a c.p.m. (counts per million mapped reads) value of at least
1in at least one library. Counts were converted to log2 counts per million, quantile
normalized and precision weighted with the ‘voom’ function of the limma package®1:52. A
linear model was fitted to each gene, and empirical Bayes moderated #statistics were used to
assess differences in expression®3. Genes were called differentially expressed if they
achieved a FDR of 0.05 or less. The gene set enrichment plots were generated with the
‘barcodeplot’ function in limma. Gene set enrichment analysis was carried out using the
‘roast” method in limma with 999 rotations®*. One-sided P values are reported.

For the analysis of /g genes, sequence reads were re-aligned to the genome using the
Subjunc aligner with the “--allJunctions” option to disable the requirement for the presence
of donor and receptor sites when mapping exon-spanning reads*°. Mapped reads were then
assigned to all exons using featureCounts. Exon-spanning reads were assigned to all their
overlapping exons. RPKM (reads per kilobase of exon length per million mapped fragments)
values for /g constant exons were computed based on exon lengths and the total exon counts
in each library. The Subjunc mapping data were also used to identify the frequency of
splicing between Prdm1 exons 5-6 and 4-6 and thus the efficiency of Cre-mediated deletion
of the /oxP-flanked exon 5 in PCs.

Transmission electron microscopy

BM Blimp-1-GFP*CD138* PCs were purified by flow cytometry and prepared for
transmission electron microscopy as previously described?.

Bio-ChlIP-seq analysis of Blimp-1 binding

CD138" PBs were generated by LPS-induced differentiation of mature B cells from
Pram1Bio/Bi0 posa26BITAIBIrA mice as described in detail elsewhere?9. Chromatin from ~1 x
108 PBs was prepared using a lysis buffer containing 0.25% SDS prior to chromatin
precipitation by streptavidin pulldown (Bio-ChlP), as described®®. The precipitated genomic
DNA was quantified by real-time PCR, and about 1-5 ng of ChlP-precipitated DNA was
used for library preparation and subsequent lllumina deep sequencing. Peak calling and gene
assignment is described in detail elsewhere?°.
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Figure 1.

Ingctivation of /rf4and Prdm1 in plasma cells. (a) RagZ~/~ mice transferred with conditional
knockout or control B cells were treated with tamoxifen to induce Cre activity and analyzed
at the indicated time points, using the experimental plan outlined in Supplementary Fig. 1a.
Left, frequency of /rffV*CreERT2 or /rffl-CreERT2 GFP* PCs (out of total BM cells) was
determined at the indicated day after tamoxifen treatment to induce /r74 inactivation
(reported by GFP expression). PCs were identified as CD138*B220/°. Right, frequency of
Prdm1+'9CreERTZ (+/gfp) or Pram1M9PCreERTZ (fl/gfp) BM PCs at the indicated day after
tamoxifen treatment. PCs were identified as CD138*Blimp-1-GFP*. (b) Frequency of BM
PCs from intact Pram1*/9%CreERT2 or pPram1f/9TPCreERTZ mice at the indicated day after
tamoxifen treatment, using the experimental plan outlined in Supplementary Fig. 1b. Each
symbol in a,b represent data from a single mouse. Mean value is shown by a horizontal line.
Pvalues compare the indicated groups using a paired #test. * £<0.05, ** P<0.005.
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Transcriptional analysis of Blimp-1-deficient plasma cells. (a—c) Whole genome RNA-
sequencing analysis on BM PCs, sorted from Pram1+/9fPCreERTZ (+/gfp) or
Pram1VatPCreERT2 (fl/gfp) mice 21 days after tamoxifen treatment. (a) Scatter plot of
differential expression. Genes with significantly increased (Blimp-1-repressed, blue) or
decreased (Blimp-1-activated, red) expression in the absence of Blimp-1 (fl/gfp) are
indicated (FDR <0.05, normalized average expression =4 RPKM in at least one sample). (b)
Functional classification and quantification of proteins encoded by repressed (blue) and
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activated (red) Blimp-1 targets in PCs. (c) Heat map shows the expression of the published
gene signatures for follicular B cells (Fo B)8 and BM PCs® from +/gfp and fl/gfp mice. The
positions of some genes of interest are highlighted. (d) Flow cytometry profiles of BM
mature B cells (B220MCD19") and PCs (CD138*Blimp-1-GFP*) showing Blimp-1-
regulated surface molecules after 21 days after tamoxifen treatment. Data is representative of
at least 3 experiments. (e) Venn diagram showing overlap and differences between Blimp-1
activated target genes (Supplementary Table 1) and the PC gene signature®. Data in a—c, e
derive from 2 experiments.
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Figure 3.
Blimp-1 controls plasma cell size and morphology. (a) Cytometry profiles of

Pram1*19CreERT2 (+/gfp) and Pram1V9fPCreERT2 (fl/gfp) BM cells (left) and gated
CD138*Blimp-1-GFP* PCs (middle and right) 35 days after tamoxifen treatment. Data is
representative of 5 experiments. (b) Electron micrograph of isolated +/gfp and fl/gfp BM
PCs 21 days after tamoxifen treatment. Data is representative of 2 experiments. (c) Mean
fluorescent index (MFI) of organelle specific dyes (left, ER mitotracker and middle,
lysotracker) and of surface CD107a expression (right) of +/gfp and fl/gfp BM cells 35 days
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after tamoxifen treatment. Data is the mean + S.D. from 3 experiments. Pvalues compare
the indicated groups using a paired t-test. * £<0.05, ** £<0.01, *** P<0.005.
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Figure 4.

BI?mp-l controls immunoglobulin production. (a) ELISPOT assay for IgM and pan-1gG
secretion from isolated +/gfp and fl/gfp PCs 14 days after tamoxifen treatment. Left, images
of representative wells of an anti-lgM assay. Right, graphs depict mean + S.D. from a
representative of 2 experiments. (b-d) RNA sequencing analysis of /ghtranscripts in +/gfp
and fl/gfp BM PCs analyzed as described in Fig. 2. (b) Normalized expression in RPKM of
Ighand /g/ constant regions. (c) Ratio of secreted (sec) / membrane-bound (mb) mRNA for
each /ghisotype. Numbers specify the fold change between +/gfp and fl/gfp cells. (d) RNA
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sequencing tracks of /ghg2band lghmin Pram1*/9% GC B cells, +/gfp and fl/gfp BM PCs.
Boxes with dotted lines delineates the secretion specific sequences. Red boxes show the
increased usage of the membrane specific exons of /ghgZb (magnified 85x). (e) Cytometry
profiles of +/gfp and fl/gfp BM PCs 28 days after tamoxifen treatment showing intracellular
staining of IgM and 1gG (left). Right, graphs depict the percentage of IgM™* or 1gG* cells
among the Blimp-1-GFP* PC population in spleen and BM. Symbols show individual mice,
horizontal line is the mean. (f) Left, mean fluorescence index (MFI) of plasma membrane
(mb) or total (mb and intracellular) expression of IgA, detected by sequential staining with
the same Ab, in +/gfp and fl/gfp BM PCs 35 days after tamoxifen treatment. Right, MFI of
plasma membrane (mb) or specific intracellular (intra) expression of IgM, detected by
separate anti-lgM Abs, in +/gfp and fl/gfp BM PCs 35 days after tamoxifen treatment.
Graphs depict mean £ S.D. from =2 experiments. (g) RNA sequencing analysis of the
expression of E//2in +/gfp and fl/gfp BM PCs as described in Fig. 2. Pvalues compare the
indicated groups using a paired #test. * £<0.05, ** £<0.01, *** £<0.005.
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Figure 5.

Blimp-1 controls the unfolded protein response (UPR). (a) Cytometry profiles of
intracellular staining of the expression of the key transcription factors of the UPR pathway:
XBP-1s, Atf4 and Atf6, in Pram1/9CreERT2 (+/gfp) and Pram1V9PCreERT2 (fl/gfp) BM
PCs 35 days after tamoxifen treatment. Graph shows the mean fluorescent index (MFI) of
expression in PCs from =2 experiments. P values compare the indicated groups using a
paired #test. * < 0.05, ** P< 0.01. (b) Blimp-1 binding at the Atf6and Ern1 (encodes for
Ire1) genes in LPS stimulated PramiBio/Bio ppsa26BIrABIA tagged PBs. Blimp-1 peaks are
shown together with the exon-intron structure of the gene and a scale bar in kilobases (kb).
RPM, reads per million reads. Bars below the tracks indicate Blimp-1-binding regions
identified by MACS peak calling. (c) Gene set enrichment analysis barcode plot comparing
differential gene expression in fl/gfp and +/gfp BM PCs after tamoxifen treatment, as in Fig.
2. The differential gene expression dataset is shown as a shaded rectangle with genes
horizontally ranked by moderated t statistic. Genes upregulated upon Blimp-1 loss shaded
pink (¢> 1) and downregulated genes shaded blue (£< —1). The 119 UPR genes, identified
by gene annotation and filtered for expression in PCs, are marked on the plot by vertical
black lines and enriched for genes downregulated without Blimp-1 (£=0.001).
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Figure 6.

XBP-1 loss leads to reduced /gh expression and unfolded protein response (UPR) activity.
(a-g) XbpI1** Pram1t/9PCreERTZ (+/+) or Xbp1V pram1'9PCreERT2 (fI/fl) mice were
treated with tamoxifen to induce XBP-1 inactivation. PCs were identified as
CD138*Blimp-1-GFP* cells, 21 (b-d, f-g) or 35 (a, €) days later. (a) The proportion of BM
PCs in a representative experiment. Graphs depict mean + S.D. from 1 of 2 experiments. (b)
Scatter plot of differential expression. Genes with significantly increased (XBP-1-repressed,
blue) or decreased (XBP-1-activated, red) expression in the absence of XBP-1 (fl/fl) are
indicated (FDR <0.05, normalized average expression =4 RPKM in at least one sample). (c)
Normalized expression of the constant exons of the /g/and /g/chain genes in +/+ or fl/fl
BM PCs. (d) Intracellular staining for Ig isotypes in +/+ or fl/fl BM PCs. Mean fluorescence
index (MFI) for IgM, IgA and 1gG was measured on IgA~1gG™, IgM~1gG™ and IgA~IgM~
cells, respectively. Graphs depict mean = S.D. from 2 experiments. (€) MFI of CD107a
expression at the surface of +/+ or fl/fl BM PCs. Graphs depict mean + S.D. from 2
experiments. (f) ELISPOT assay for IgM secretion by isolated +/+ or fl/fl PCs. Left, Graphs
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depict mean number of IgM* cells + S.D. per 500 sorted Blimp-1-GFP*CD138* PCs from 1
of 2 experiments. Middle, mean surface area + S.D. of the spots identified. Right, pictures
show representative wells of an anti-IgM assay. (g) Gene set enrichment plot for the UPR
gene expression in +/+ or fl/fl BM PCs after tamoxifen treatment. The differential gene
expression dataset is shown as a shaded rectangle with genes horizontally ranked by
moderated statistic. Genes upregulated upon XBP-1 loss shaded pink (¢> 1) and
downregulated genes shaded blue (¢#< —1). The 119 UPR genes, identified on the plot by
black vertical lines, are enriched for genes downregulated without XBP-1 (£=0.0005). P
values compare the indicated groups using a paired #test. * £< 0.05, ** P<0.01, *** pP<
0.005.
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Figure 7.

Blimp-1 regulates the mTOR pathway. (a) Cytometry profiles of the expression of key
components of the mTOR pathway, including the amino acid carrier CD98, and
phosphorylation of mTOR, S6, Akt, Raptor and ACC in mature B cells (B220MCD19") and
PCs (CD138*Blimp-1-GFP*) from Prdm1*/9%CreERT2 (+/gfp) BM and PramiV/efPCreERT2
(fl/gfp) BM PCs cells, 35 days after tamoxifen treatment. Right, graph shows the mean
fluorescent index (MFI) = S.D. of expression in PCs from 2 or more experiments for each
antibody. Pvalues compare the indicated groups using a paired #test. * £<0.05, ** P<0.01,
*** p<0.005. (b) RNA sequencing analysis showing fold changes in key genes upstream of
the mTOR pathway in +/gfp and fl/gfp BM PCs analyzed as described in Fig. 2. * Indicates
direct Blimp-1 target genes. (c) Blimp-1 binding at the S/c7a5 (encoding a chain of CD98),
Slc38a2, Sesnl and Sesn3genes in LPS-stimulated Pram1Bio/Bio Rosa 2681 A/BIrA tagged
PBs. Blimp-1 peaks are shown together with the exon-intron structure of the gene and a
scale bar in kilobases (kb). RPM, reads per million reads. Bars below the tracks indicate
Blimp-1-binding regions identified by MACS peak calling.
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