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A System for In Vitro Generation of Mature Murine Plasma
Cells Uncovers Differential Blimp-1/Prdm1 Promoter Usage

Emily Robinson,* Matthew A. Care,* Kieran Walker,* Michelle Campbell,*
Reuben M. Tooze,*,† and Gina M. Doody*

Upon encounter with Ag, B cells undergo a sequential process of differentiation to become Ab-secreting plasma cells. Although the key
drivers of differentiation have been identified, research has been limited by the lack of in vitro models recapitulating the full process for
murine B cells. In this study, we describe methodology using BCR or TLR ligation to obtain plasma cells that are phenotypically
mature, have exited cell cycle and express a gene signature concordant with long-lived plasma cells. Dependent on the initial stimuli, the
transcriptomes also show variation including the enhanced expression of matrisome components after BCR stimulation, suggestive of
unique functional properties for the resultant plasma cells. Moreover, using the new culture conditions we demonstrate that alternative
promoter choice regulating the expression of the master transcription factor Blimp-1/Prdm1 can be observed; when the canonical B cell
promoter for Prdm1 is deleted, differentiating B cells exhibit flexibility in the choice of promoter, dictated by the initiating stimulus, with
preferential maintenance of expression following exposure to TLR ligation. Thus our system provides a readily tractable model for
furthering our understanding of plasma cell biology. The Journal of Immunology, 2022, 208: 514�525.

Following antigenic encounter, B cells alter their physiological
state and initiate a differentiation process that ultimately pro-
duces Ab-secreting cells (ASCs). The activation of B cells can

be separated into two pathways based on the type of Ag and whether
it requires the presence of T cells to elicit an immune response. T
cell�independent Ags such as bacterial LPS and polymeric proteins
stimulate B lymphocytes through TLR activation or BCR crosslink-
ing. In contrast, a T cell�dependent response arises from B cells bind-
ing to a protein Ag, followed by cognate interaction with follicular
helper T cells. Initially, an extrafollicular pathway produces short-
lived Ab-secreting plasmablasts with moderate affinity. Secondary
signals such as CD40 engagement are vital to the formation of germi-
nal centers where somatic hypermutation leads to higher affinity Abs
(1�3). Consequently, thousands of memory B cells and plasma cells
emerge, providing a range of Ag-specific effector cell types (4, 5).
ASC is a broad term that encompasses both short-lived cycling

plasmablasts and long-lived quiescent plasma cells that reside in
specialized niches, primarily within the bone marrow (6). During
recent years, optimization of human B cell differentiation conditions
has resulted in the in vitro generation of long-lived plasma cells,
capable of surviving in culture for extended periods of time (7�10).
This has resulted in the ability to sequentially explore and manipu-
late each stage of differentiation.

To the best of our knowledge, a murine counterpart system does
not exist. There are many variations of murine in vitro ASC genera-
tion (11), but the most commonly described technique uses the TLR4
agonist, bacterial LPS. To enhance B cell activation, T cell help can
be included in the form of costimulatory proteins (CD40L) and cyto-
kines (IL-4 and IL-5) (12). These approaches are effective for model-
ing partially differentiated, short-lived plasmablasts, but fail to
generate terminally differentiated plasma cells that can be sustained
as a quiescent population in vitro. In support of this, work by Shi
and colleagues demonstrated that the gene expression profile of
in vitro�derived ASCs stimulated using CD40L, IL-4, and IL-5 for
5 d was as different from fully mature plasma cells as it was from
activated B cells (13). The inability to generate long-lived plasma
cells means that studies of normal murine plasma cell biology are
limited in an in vitro setting. An example of this is the ability to track
the relationships between signaling pathways and transcriptional con-
trol in a continuously differentiating population. A gene for which
this may be particularly relevant is Prdm1. The expression of Prdm1
encoding the transcription factor Blimp-1 is essential for the changes
in gene expression that accompany the generation of ASCs (14). Pre-
vious work has suggested that transcription of Prdm1 in ASCs is
strictly governed by a promoter initiating in exon 1A (15), which is
maintained in a primed accessible state in naive B cells (16).
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To address this issue, we have adapted two model systems used
for human (9) and murine (17) B cell differentiation. Following
additional optimization, two methods of plasma cell generation
using LPS-induced TLR signaling or Ab-induced BCR signaling in
conjunction with CD40L and cytokines were achieved. The plasma
cells generated in each condition were validated to ensure character-
istics such as quiescence and phenotypic markers along with gene
expression profile were consistent with in vivo murine plasma cells.
Using our newly developed models, we demonstrate that Prdm1 can
be generated in the absence of exon 1A, giving rise to plasma cells
in culture, despite a reduction in the levels of this key transcript and
an altered gene expression profile in exon 1A�deleted cells.

Materials and Methods
B cell isolation

Spleen tissue was harvested from sex- and age-matched C57BL/6, Blimp-1�
Venus (18) or Prdm1Dex1A mice (15) (kindly provided by E. Bikoff and E.
Robertson, University of Oxford) between 6�12 wk old that had been main-
tained in specific pathogen�free conditions. All procedures were performed
under the approved U.K. Home Office project license in line with the Animal
(Scientific Procedures) Act 1986 and in accordance with the U.K. National
Cancer Research Institute Guidelines for the welfare of animals. Single-cell
suspensions were obtained after density centrifugation using lympholyte-M
(Cedarlane). The EasySep Mouse B Cell Isolation Kit (STEMCELL Technol-
ogies) containing anti-CD43 was used to isolate B2 cells. Following isolation,
B cells were phenotyped to ensure>95% purity before culture.

Optimized culture conditions

Day 0. For BCR signaling, isolated B cells were seeded in 24-well plates at
2.5 � 105 cells per milliliter (0.5 mL per well; 1.25 � 105 cells per well)
with irradiated CD40L-expressing murine L cells (0.5 milliliter per well;
6.25 � 104 cells per well), 12 mg/ml F(ab9)2 anti-IgM/IgG (Jackson Immuno
Research Labs), 50 ng/ml IL-4, and 50 ng/ml IL-5 (Miltenyi Biotech) in
IMDM media containing 10% FCS and 50 mM b-mercaptoethanol for 2 d.

For TLR signaling, B cells were seeded at the same density as above with
CD40L-expressing murine L cells, 5 mg/ml LPS (0111:B4; Sigma-Aldrich),
IL-4, and IL-5.

For LPS-alone stimulations, 5 mg/ml LPS was used without cytokines or
CD40L.

Day 2. On subsequent days, both mechanisms followed the same steps. At
day 2, cells were removed from the CD40L cells and transferred across to
new 24-well plates.

Day 4. On day 4, plasmablasts were reseeded in 10 ng/ml IL-6 (Miltenyi
Biotech), 100 ng/ml APRIL (Caltag), MEM amino acids and Lipid Mixture
1 (Sigma-Aldrich) at 5 � 105 cells per milliliter in 96-well plates (0.2 millili-
ter per well; 1 � 105 cells per well). Cells were fed with fresh media every
3�4 d containing APRIL, IL-6, amino acids, and lipids. Feeding was carried
out until elective termination.

Flow cytometric evaluation. Cells were incubated with Fc block (BD Bio-
sciences) prior to staining with Abs to B220 (PE-conjugated clone RA3-6B2;
Miltenyi Biotech) and CD138 (allophycocyanin-conjugated clone REA104;
Miltenyi Biotech). 7-AAD was added immediately before samples were ana-
lyzed using a CytoFLEX S (Beckman Coulter). Absolute cell counts were per-
formed with CountBright beads (Invitrogen). Blimp-1 expression was
monitored throughout the differentiation using a 525/40 bandpass filter. Cell
division was assessed using 5-ethynyl-29-deoxyuridine (EdU; Invitrogen) or
Ab to Ki67 (Clone B56 [RUO] Alexa Fluor 488 Mouse Anti�Ki-67 FITC; BD
Biosciences). Cells were incubated with either 1.5 mMEdU for 24 h or 10 mM
EdU for 2 h prior to processing with the Click-iT EdU Kit (Alexa Fluor 647;
Thermo Fisher Scientific) following the manufacturer’s protocol on the day of
staining. Alternatively, cells were fixed, permeabilized and stained with anti-
Ki67. Cells were stained with a live/dead dye prior to fixation (Zombie Ultravi-
olet Fixable Viability Kit; BioLegend). All data were analyzed using FlowJo
software (v. 10; BD Biosciences).

Ig quantification. ELISAs were performed according to the manufacturer’s
instructions for the Mouse IgM Quantification Set (E90-101; Bethyl Labora-
tories) or Mouse IgG Quantification Set (E90-131; Bethyl Laboratories). The
concentrations were measured using a plate reader (Cytation 5; BioTek
Instrument) and standard curve analysis software (ELISAkit).

Gene expression. RNA was obtained using TRIzol (Invitrogen) and sequenc-
ing libraries generated with a TruSeq Stranded Total RNA Human/Mouse/Rat
Kit (Illumina). Libraries were sequenced on a NextSeq500 platform (Illumina),

using 76-bp single-end sequencing. The fastq files were assessed for initial
quality using FastQC v. 0.11.8 (https://www.bioinformatics.babraham.ac.uk/
projects/fastqc/), trimmed for adapter sequences using TrimGalore v. 0.6.0
(https://www.bioinformatics.babraham.ac.uk/projects/trim_galore/) and alig-
ned to GRCm38.p6/mm10 (Gencode release M20) using STAR aligner
(v. 2.6.0c) using twopassMode (19�22). Transcript abundance was estimated
using RNA-Seq by Expectation-Maximization v. 1.3.0 and imported into R v.
3.5.1 using txImport v. 1.10.1 and then processed using DESeq2 v. 1.22.2
(20�22). Using DESeq2 variance stabilizing transformation (VST) trans-
formed data, exploratory analysis was carried out using multidimensional scal-
ing (MDS) (all genes). Differential gene expression was determined using
DESeq2, quality visualized using MA plots and shrinkage of log fold esti-
mated using the apeglm method (23). VST transformed data were exported for
downstream visualizations using the GENE-E package (v. 3.0.21; https://
software.broadinstitute.org/GENE-E/).

The data from Shi et al. (13) (GEO GSE60927) were downloaded from
the Sequence Read Archive and processed with the same RNA-sequencing
(RNA-seq) pipeline, merged with the in vitro generated time course data and
any batch effects removed using ComBat (R SVA package) (24) before visu-
alization with MDS and GENE-E.

Details of parsimonious gene correlation network analysis (PGCNA) net-
work analysis have been described elsewhere (25). Briefly, Spearman rank
correlations were calculated for all gene pairs and correlation matrices clus-
tered using the fast unfolding of communities in large networks algorithm
(version 0.3). The overlap of the modules of correlated genes between the
networks at the gene and signature level was assessed using a hypergeomet-
ric test and visualized as heatmap using the Broad GENE-E package (https://
software.broadinstitute.org/GENE-E/). Data were hierarchically clustered
(Pearson correlations and average linkage) and signature enrichments were
filtered to false discovery rate <0.1 and $5 and #1500 genes for the signa-
ture sets, selecting the top 30 most significant signatures per module.

The D0-D10 TLR/BCR and D0-D7 LPS/TLR/BCR (wild-type [WT]/
Dex1A) samples were used to generate two input data sets for PGCNA anal-
ysis by selecting genes differentially expressed (false discovery rate < 0.05)
either temporally or between conditions. This resulted in TLR/BCR and
LPS/TLR/BCR data sets of 15,245 and 15,887 genes respectively which
were analyzed with pgcna2 [settings -n 1000, -f 1, -b 100] (https://github.
com/medmaca/PGCNA/tree/master/PGCNA2) (25).

Statistical analysis of differential exon usage of Prdm1 transcripts was
performed using the DEXSeq integrative R package (v. 1.30) (26), visualiz-
ing relative exon usage (splicing 5 TRUE; i.e., remove overall expression
changes).

Results
Production of phenotypically mature murine plasma cells in vitro

ASCs generated in culture typically express the differentiation-associ-
ated marker CD138 and maintain the B cell marker B220 (27), how-
ever fail to terminally differentiate into plasma cells characterized by
loss of the B220 marker (Fig. 1A) and exit from cell cycle. Although
the introduction of additional ligands such as APRIL, demonstrably
enhance the production of ASCs (17), such protocols limit the expo-
sure of B cells to a single round of stimuli. To encourage differentia-
tion past the plasmablast stage, alternative combinations of cytokines
were tested in a multistep culture based on a model of human plasma
cell differentiation shown to promote the long-term maintenance of
plasma cells (9). This culture consists of three stages: 1) commitment
to differentiation through initial stimulation in the presence of
CD40L, 2) removal of CD40L to enable expansion of activated B
cells, and 3) maturation of plasma cells using niche-like factors such
as IL-6 and APRIL. We systematically tested the effect of different
combinations at each stage to determine suitability for murine B cells
assessing phenotypic profiles and cells numbers throughout the cul-
ture period. Cells were initially cultured with CD40L, F(ab9)2 anti-
IgM/IgG or LPS and combinations of IL-21, IL-2, IL-4, and IL-5.
Cells were then removed from CD40L-expressing fibroblasts at day 2
and kept in the original cytokines. At day 4, cells were resuspended in
IL-6 and APRIL and refed every 3 d (Fig. 1B).
Once TLR (LPS/CD40L/IL-4/IL-5)- and BCR (anti-Ig/CD40L/IL-4/

IL-5)-stimulating conditions had been optimized, a direct comparison
of the two systems was performed. On day 4, populations appeared

The Journal of Immunology 515
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similar to one another although there was a decreased percentage of
cells expressing B2201CD1381 following BCR stimulation (Fig. 1C,
1D). On day 7, overall populations were still comparable; however,
cells stimulated with BCR conditions appeared as a more discrete
population with slightly higher CD138 expression. By day 13, cells
generated using TLR stimuli were more discrete but still demonstrated
much lower CD138 expression than BCR-stimulated cells. Cell counts
revealed that a high degree of proliferation occurred between day 2 and
4 using TLR stimuli, which was reduced in cells generated using BCR
conditions (Fig. 1E). Following the proliferative phase, cell number
decreased. By day 13, cell number was comparable in both conditions.

Tracking indicative features of mature plasma cells

Blimp-1 is a transcriptional repressor able to drive the terminal dif-
ferentiation of B cells into Ig-secreting plasma cells (28). To con-
firm Blimp-1 upregulation during culture, Blimp-1 Venus reporter
mice were used (18). Isolated B cells were cultured in both TLR
and BCR conditions and Blimp-1 expression was tracked over the
course of 13 d using flow cytometry (Fig. 2A). Blimp-1 expression
increased significantly between day 4 and day 7/day 9, consistent
with the generation of a B220�CD1381 plasma cell population.
The key difference between a plasmablast and plasma cell is the

cessation of cell cycle (29). With this in mind, it was important to

assess proliferative capacity during both models of in vitro differen-
tiation. Cells were loaded with EdU (5-ethynyl-29-deoxyuridine) at
different time points and the degree of incorporation assessed
(Fig. 2B). At day 4, when peak cell numbers were obtained, a 2-h
pulse of EdU in the culture labeled �30% of the cells in either con-
dition. Prolonged exposure to EdU (24 h) before sampling demon-
strated that around 80% of the cells had proliferated between day 3
and day 4. Following incubation of day 7 cells with EdU, less than
1% incorporation was observed at day 8 and this was recapitulated
by the 2-h pulse label, suggesting that cells lose proliferative capac-
ity from that point. As additional evidence to support cessation of
cycling, cells were also stained with anti-Ki67, which showed simi-
lar profiles to the EdU incorporation (Fig. 2B) To relate the decline
in proliferative capacity to the acquisition of the plasma cell state,
phenotypic profiles were analyzed over a 4-d time course. Between
days 7 and 8, there was a change in CD138 distribution to form a
discrete plasma cell population (Fig. 2C). After this, the phenotype
remained stable suggesting that establishment of the plasma cell
population and cell cycle exit occur concurrently.
As plasma cells have the functional ability to secrete Ig, it was

also important to determine whether phenotypically maturing cells
could both secrete and class switch. Supernatants were collected at
days 4, 7, and 10 and analyzed using an ELISA (Fig. 2D). At day
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FIGURE 1. Generation of
phenotypically mature plasma
cells usingTLRandBCRstimula-
tion conditions. (A) Purified sple-
nic B cells were resuspended
in conditions including LPS or
CD40L1F(ab9)2 anti-IgM/IgG1
IL-4 for 5 d. On days 2 and 5, cells
were phenotyped using Abs to
B220 and CD138. (B) Schematic
of in vitro differentiation condi-
tions using either TLR- or BCR-
initial stimuli. (C) B cells were
resuspended in CD40L, LPS, IL-
4, and IL-5 (TLR) or CD40L,
F(ab9)2 anti-IgM/IgG, IL-4, and
IL-5 (BCR). On day 2, cells were
removed from CD40L and trans-
ferred to a fresh plate. On day 4,
cells were reseeded in IL-6 and
APRIL. Cells were phenotyped
on the indicated days using Abs
to B220 and CD138. Representa-
tive flow plots are shown. (D)
Percentage of B cells (B2201

CD138�), plasmablasts (B2201

CD1381) and plasma cells
(B220�CD1381) from six inde-
pendent differentiations. Aver-
ages ± SD are shown on the
plots. (E) Cell number was
recorded throughout the differen-
tiation. Results are displayed as
the mean ± SD for three indivi-
dual mice and are representative
of at least three independent
experiments.
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4, levels of Ig secretion were low as would be expected. TLR condi-
tions promoted a small degree of IgM secretion and even less IgG,
whereas BCR conditions resulted in barely detectable levels of both
IgM and IgG. At day 7, both TLR and BCR conditions promoted
high levels of IgM and lower levels of IgG. At day 10, TLR condi-
tions promoted even higher levels of IgM whereas BCR conditions
produced similar amounts to day 7. IgG increased in both conditions
between days 7 and 10 but still remained comparatively lower.

Transcriptional profiling of in vitro�generated plasma cells

The differentiation of activated B cells into ASCs requires coordi-
nated changes in the expression of many hundreds of genes and the
data from Shi et al. (13) convincingly demonstrates that current
in vitro protocols fail to generate cells that match bone mar-
row�derived long-lived plasma cells. To provide evidence that the
transcriptome of ASCs generated using the TLR and BCR condi-
tions exhibited progressive plasma cell characteristics, gene expres-
sion profiling was performed at multiple time points across the
system (days 0, 4, 7, and 10).

Gene expression profiling of individual loci appeared to suggest
that late time points are indeed plasma cell�like in both BCR and TLR
conditions, with high expression of genes such as Irf4, Prdm1, and
Xbp1 and the reciprocal loss of Irf8, Bach2, and Pax5 (Fig. 3A). Fur-
thermore, plasma cells appeared distinct from the in vitro versions
demonstrated by Shi and colleagues and instead displayed a common
gene program consistent with bone marrow plasma cells (13). Nota-
bly, this includes the extinction of genes associated with proliferation
such as Foxm1 and Mki67. MDS evaluation of similarity confirmed
that the TLR and BCR generated plasma cells have a gene expression
profile in keeping with full differentiation, surpassing the other in vitro
conditions in resembling bone fide, long-lived plasma cells (Fig. 3B).
Although both conditions led to the production of mature plasma

cells, the different types of input signals are likely to generate
nuanced versions of the core plasma cell gene expression program.
To determine the effect of TLR versus BCR, PGCNA (25) was per-
formed on the differentially expressed genes over time (Fig. 4A). In
total, 24 modules of coexpressed genes were identified that could be
linked to gene signature and ontology term enrichments. As antici-
pated, freshly isolated day 0 cells exhibited a gene expression profile
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FIGURE 2. In vitro generated
plasma cells display characteristic
features of maturation. (A) Purified
splenic B cells from Blimp1-Venus
reporter mice cultured in either TLR
and BCR conditions were analyzed
using flow cytometry on day 0, 4, 7, 9,
and 13 for Blimp-1 expression. Plots
are representative of two independent
experiments each performed with three
mice. (B) Cells derived from WT mice
were incubated with EdU for either 24
or 2 h and assessed on day 4 or 8 using
flow cytometry. Cells from the same
cultures were also stained with anti-
Ki67. Plots are representative of two
independent experiments. (C) Pheno-
typic evaluation of differentiating cells
at the transition to cell cycle exit. (D)
Supernatant was collected at day 4, 7,
and 10 from in vitro cultures. IgM and
IgG concentrations were quantified
using an ELISA and normalized using
cell counts and the amount of time in
culture. Results are displayed as the
mean ± SD for three individual mice.
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typical of a naive B cell population that dramatically shifted after
exposure to either condition (Fig. 4B, 4C). By day 4 both types
of stimulation resulted in the loss of M13: NaiveBcell and gain
of modules related to translational processes (M8: Ribosome,
M3:RNA_ProcessingRibosome_biogenesis), cell cycle (M10: Cell-
Cycle), and metabolic reprogramming (M11: MitochondriaOxPhos,
M16: MitochondriaOxPhos_2), consistent with the requirements for
increased growth. By day 4, diverging gene expression patterns also
began to emerge: BCR elicited a more pronounced increase in M2:
EMT_Matrisome_StemLike and marked extinction of M22: IFN,
whereas TLR enhanced the expression of genes associated with
M19: ATF4. At day 7 as the cells are transiting through the plasma-
blast stage, those exposed to BCR conditions continue to maintain
higher levels of M2: EMT_Matrisome_StemLike, whereas TLR
conditions promote the acquisition of modules most directly associ-
ated with the ASC phenotype (M21: Ig, M18: XBP1_UPR Golgi_
PlasmaCell, M1: Golgi_Lysosome, M20: Golgi_XBP1). A distinct
feature of the cells obtained at day 10 was the augmented expression
of M2: EMT_Matrisome_StemLike and M5: Lymphnode_Matri-
some following culture with agonists of the BCR. Among the
genes that feature in these modules include extracellular matrix

components such as the secreted glycoprotein Fbln2, the matricellu-
lar collagen-binding protein Sparc and multiple collagen family
members (Fig. 4D). Overall, ASCs generated using TLR or BCR
conditions progressively acquire a mature plasma cell transcriptome,
but display unique signatures at the later time points intimating that
the initial signals generate nonequivalent plasma cell populations.

Prdm1 transcript initiation is coupled to the nature of differentiation
stimulus

A specific reason for developing this model system was the potential
application to interrogate detailed features of plasma cell differentia-
tion in genetic models. With a validated model of murine plasma
cell differentiation in place, the next step was therefore to test the
hypothesis that the system could provide novel insight into plasma
cell biology using genetic models. Previous work by Morgan et al.
(15) has shown that the mouse Prdm1 gene has three alternative
promoter regions (1A, 1B, and 1C), which could play important
roles in generating regulatory diversity (Fig. 5A).
Deletion of exon 1A (Dex1A) leads to the loss of Blimp-1 expres-

sion in LPS-treated splenocytes and defective IgM secretion (15),
supporting the conclusion that exon 1A is essential for Blimp-1

FIGURE 3. Transcriptomic profiling
of in vitro generated plasma cells. (A)
Purified splenic B cells were stimulated
with BCR or TLR conditions. On day
0, 4, and 7 and 10, RNA was isolated
from three samples for each condition
and sequenced. These data were merged
with that from Shi et al. (15) (GSE60927)
and ComBat normalized to remove batch
effects. VST-normalized expression val-
ues of genes are displayed as a heatmap
on a z-score scale. (B) MDS analysis of
samples in (A).
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FIGURE 4. Network analysis of gene expression programs during in vitro plasma cell differentiation. (A) PGCNA of gene expression derived from murine
splenic B cells cultured in TLR or BCR conditions. Network comprises 24 modules; signature enrichment analysis was used to determine biological features
of individual modules and derive representative summary terms. (B) Overlay of gene expression z-scores for genes in the network (Figure legend continues)

The Journal of Immunology 519

 by guest on January 18, 2022
http://w

w
w

.jim
m

unol.org/
D

ow
nloaded from

 

http://www.jimmunol.org/


expression in the B cell lineage. However, in the absence of exon
1A other cell lineages can still generate moderate to normal levels
of Blimp-1, raising the possibility that Prdm1 may be differentially
transcribed dependent upon signaling cues or cellular context. To
investigate this further, the effect of exon 1A deletion on both TLR
and BCR generated plasma cells was assessed. B2-B cells were iso-
lated from WT and Dex1A mice and cultured in LPS alone, TLR, or
BCR conditions.
Upon stimulation with LPS alone, day 4 results supported the

observation of Morgan and colleagues after a 3-d culture, with more
of the WT cells displaying a phenotype consistent with differentia-
tion than the Dex1A cells (Fig. 5B). However, extending the dura-
tion of culture provided a different perspective and by day 7, a
proportion of the Dex1A derived cells were phenotypically more
plasma cell-like than the WT counterparts. Cell number was also
higher in the Dex1A cells throughout the differentiation (Fig. 5C).
Differentiation was further assessed using the enhanced culture

system comparing culture in TLR or BCR conditions to establish
whether differentiation conditions impacted on plasma cell genera-
tion in the presence or absence of exon 1A. Under TLR conditions,
Dex1A cells were able to generate plasma cells similar to WT,
although there was a decrease in cell number by day 7 (Fig. 5B,
5C). In contrast, under BCR conditions, Dex1A cells failed to gener-
ate a substantial plasma cell population by day 7, with the majority
of the population negative for both B220 and CD138, accompanied
by a reduction in cell number. Assessment of Ig production con-
firmed that Dex1A cells increased secretion over time and that when
cell number was considered, cells that survived under BCR condi-
tions were still capable of Ab production (Fig. 5D).
As cells were able to differentiate under TLR conditions, it seemed

plausible that Dex1A cells could potentially use an alternative Prdm1
promoter to initiate transcription. This was addressed using RNA-
sequencing and analysis using DEXSeq (26) to compare the composi-
tion of transcripts between WT and Dex1A cells. First, regardless of
stimulating condition, there were transcripts that originate from
exon 1A in WT mice, which were absent in Dex1A mice (Fig. 6A,
Supplemental Fig. 1) confirming the efficacy of the deletion on tran-
scripts initiating from this promoter and exon. In all samples there
were also transcripts whose origin was mapped to exon 2, which
would be consistent with regulation by the exon 1C promoter. Dex1A
mice showed additional transcript variants originating upstream of
exon 1A consistent with regulation by the exon 1B promoter, most
prominently in the TLR conditions at day 7, which were not present
in WT samples (Supplemental Fig. 1). Furthermore, there was evi-
dence of the previously described splice variant Dexon 6 (previously
referred to as exon 7 in published literature) (30�32).
Deletion of exon 1A also affected overall expression of Prdm1.

Dex1A cells cultured in LPS or BCR conditions demonstrated lower
expression of Prdm1 at day 4 in comparison with WT cells, whereas
Dex1A cells cultured in TLR conditions expressed levels equivalent
to the WT (Fig. 6B). However, at the day 7 time point even the
Dex1A cells in TLR conditions expressed significantly lower levels
of Prdm1. These data confirm that exon 1A is important for optimal
expression of Prdm1 in the B cell lineage, but additionally demon-
strate that dependence on this particular promoter and initiating
exon is linked to the nature of the extracellular cue initiating
differentiation.

Prdm1 transcript/stimulus coupling is functionally linked to
differentiation

To ascertain how the coupling between differentiation stimulus and
Dex1A dependence impacted on the execution of the plasma cell
program, gene expression was evaluated on days 4 and 7 of culture.
As suggested by the phenotypic analysis, Dex1A cells stimulated
with LPS lagged behind the WT cells at day 4, but were similar in
the overall gene expression by day 7 (Fig. 7A). Dex1A cells
obtained in either TLR or BCR conditions at day 4 were comparable
to WT cells. By day 7 Dex1A cells grown in TLR conditions had
moved considerably closer to the expected plasmablast/plasma cell
gene expression profile, but BCR stimulated Dex1A cells failed to
mature beyond an activated B cell state. Overall, these data are con-
sistent with models that demonstrate an absolute requirement for
Blimp-1 expression for differentiation after the activated B cell state.
Under BCR stimulated conditions this transition requires an intact
exon 1A promoter, by contrast LPS can drive compensatory expres-
sion of Prdm1 from alternative promoters thus allowing differentia-
tion to proceed.
To explore the gene expression profile of the Dex1A cells in more

detail, PGCNA was applied. The network generated using LPS-,
TLR-, or BCR-stimulated WT and Dex1A cells yielded 16 modules
of coexpressed genes linked to gene signature and ontology term
enrichments (Supplemental Fig. 2). Despite phenotypic maturation
and overall apparent similarity of Dex1A cells to WT in cells
exposed to a TLR agonist, there were notable differences in several
of the modules (Fig. 7B, Supplemental Fig. 3). For example, in
terms of modules that are initially expressed in B cells, the two
related modules M1: SMARCA2_UP UV_RESPONSE_DN Zinc-
Finger Ubl_ConjugationPathway and M2: HAPTOTAXIS SMAR-
CA2_UP UV_RESPONSE_DN EZH2_TARGETS_DN feature
genes that are rapidly repressed after LPS stimulation and repressed
by either TLR or BCR stimulation in Dex1A cells at day 7 but
maintained in WT. Additionally, the module M5: MemoryBcell
BoundByFOXP3 was repressed in all cell types at day 4. This
repression was retained in LPS-stimulated as well as TLR- or
BCR-triggered Dex1A cells at day 7, whereas module genes came
back on at day 7 in response to TLR or BCR conditions in WT.
There were equally apparent differences for modules acquired as

the Dex1A cells became more plasma cell like following differentia-
tion with LPS alone. In particular there were marked deficiencies in
the ability of Dex1A cells to regulate genes belonging to modules
M3:Ribosome RibosomeBiogenesis Mitochondria CellCycle OxPhos
EZH2_TARGETS_UP, M7: Chr19p13q13 EZH2_TARGETS_UP,
andM13:Matrisome LymphNode StemLike. For example, dysregula-
tion of Phgdh, Eno1, and Gapdh, three functionally linked glycolytic
enzymes in module M3 suggests that lower levels of Blimp-1 are
impacting on metabolic fitness and the acquisition of Ig-CAM adhe-
sion molecules in M13 such as Icam1, Bcam, and Epcam argues for
altered adhesive properties.
In keeping with the failure of Dex1A cells stimulated with BCR

conditions to upregulate Prdm1 and achieve phenotypic maturation,
several modules showed defects for these samples. Among these
include modules associated with increased Ig production such as
M10:PC Golgi XBP1bound ER_UPR ProteinSecretion and M6: PC
IRF4_Induced XBP1bound ER_UPR Ig, consistent with the
described role for Blimp-1 in murine plasma cells (14).

shown in blue (low) to red (high) z-score color scale. Conditions are indicated above the network images with time point of sampling to the side. (C) Module
expression values illustrated as heatmap showing the expression across three independent differentiations per time point. At each time point, samples are
grouped according to stimulation with TLR (left) or BCR (right). (D) Selected gene expression from modules M2 and M5.
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B

C

D

A

FIGURE 5. TLR and BCR stimulation conditions generate phenotypic ASCs from mice lacking the Prdm1 exon 1A regulatory region. (A) Schematic of
Prdm1 alternative promoters 1A, 1B, and 1C based on Morgan et al. (15) with exon numbered according to RefSeq annotation. Black arrows indicate tran-
scription start sites. The alternative first exon, exon 1B, and the previously characterized exon 1A both splice directly to exon 2. (Figure legend continues)
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Discussion
We have described a novel system suitable for generating murine
plasma cells through either TLR or BCR engagement in conjunction
with CD40 ligation and sequential cytokine addition. Validation
experiments showed that in vitro generated cells display similar
characteristics to in vivo murine plasma cells. For example,

phenotypic analysis revealed that downregulation of the pan B cell
marker B220 occurred concurrently with upregulation of the plasma
cell marker CD138.
Furthermore, the use of a Blimp-1�Venus reporter confirmed the

expected upregulation during differentiation, consistent with the use of
high Blimp-1 expression to identify plasma cells (14). Unexpectedly

A

B

FIGURE 6. TLR and BCR stimulation conditions drive expression of Prdm1 from multiple promoters. (A) Relative exon usage was calculated for each
exon (RefSeq annotation) at day 4 or 7 following the indicated culture conditions using three individual mice per condition. Transcripts for WT are shown in
blue and Dex1A in red. (B) Relative expression levels of Prdm1 at day 4 or 7 of the indicated cultures. Results show values from three individual mice with
significance determined by unpaired t test.

Transcripts originating from exon 1C retain the intervening intron upstream of exon 2. (B) Purified B-2 splenic B cells from WT or Dex1A mice cultured in
either LPS, TLR, or BCR conditions were analyzed using flow cytometry on day 4 and 7 for B220 and CD138. Plots are representative of two independent
experiments each performed with three mice. (C) Cell number was recorded at the indicated time points. Results are displayed as the mean ± SD for 3 indi-
vidual mice. (D) Supernatant was collected at day 4 and 7 from in vitro cultures. IgM and IgG concentrations were quantified using an ELISA and normal-
ized using cell counts and the amount of time in culture. Results are displayed as the mean ± SD for three individual mice.
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between day 9 and 13, Blimp-1 expression as detected by this sys-
tem, decreased slightly in both TLR and BCR stimulated cells.
Blimp-1 functions primarily as a transcriptional repressor, either
through competition with activators (33, 34) or recruitment of

corepressors such as HDAC1/2 (35), G9A (36), or EZH2 (37).
Therefore, it is conceivable that once target loci are silenced there
may be a reduction in the level of Blimp-1 required to sustain
heterochromatinization.

FIGURE 7. Gene expression profiling of cells derived from Dex1A mice. (A) MDS analysis of RNA-seq data from day 4 and 7 cells derived from WT
orDex1A mice cultured in the indicated conditions. (B) Selected module expression values illustrated as heatmap showing the expression across three indepen-
dent differentiations per time point. In each set, the WT and Dex1A samples are shown side-by-side and grouped according to stimulation with LPS, TLR,
and BCR from left to right. (C) Selected gene expression from modules M3 and M13.
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Both sets of conditions predominantly promoted IgM secretion;
however, a proportion of cells were capable of producing class-
switched IgG. This could suggest that the cytokines used in these
conditions are weak drivers of class switch recombination, however
alternative isotypes and IgG subtypes have not yet been investigated.
Alternative cytokines have been shown to specifically promote
switching to other isotypes, such as TGF-b which promotes IgA (38)
and IFN, which promotes IgG2a (39). Although not explicitly tested,
the prediction is that inclusion of other cytokines may allow the gener-
ation of different types of Ig. However, both TGF-b and IFN have
additional effects on B cell proliferation and survival (40, 41) that
could alter the plasma cell output in vitro, thus necessitating a careful
examination of the impact of any cytokine alterations in the system.
As there is a strong correlation between the concentration of cyto-

kines in culture, the time taken for a cell to divide and the differentia-
tion state of an ASC (42), proliferative capacity of the cells was
examined across the differentiation. After assessing proliferation at
various time points, results showed that a high division rate accompa-
nied maturation of murine B cells to plasmablasts before cessation of
proliferation at roughly day 8, which was verified by the gene expres-
sion data. Plasma cells were then able to persist in the absence of any
additional division and shown to survive for extended periods of time.
Gene expression analysis confirmed that cells were indeed plasma

cell�like when stimulated with either TLR or BCR conditions. The
cells obtained at day 10 displayed a common gene program consis-
tent with bone marrow plasma cells described by Shi and colleagues
(13). Although the overall gene expression profile appeared to be
similar when using either TLR or BCR stimuli, there were striking
differences. TLR engagement led to an accelerated and enhanced
plasma cell signature, in keeping with previous reports of synergistic
enhancement of differentiation when TLR agonists are coupled with
a CD40 signal (43, 44). In contrast, BCR conditions promoted a dis-
tinct and sustained induction of genes linked to the matrisome,
which is composed of ECM-associated proteins, regulators, and
secreted factors (45). This pronounced shift in gene expression may
allow altered cell adhesion, motility or differential signaling that
impact on the ability of plasma cells to integrate within supportive
niches for long-term survival.
The utility of the newly described TLR and BCR culture systems

is underscored by the results obtained using B cells with a targeted
deletion of the Prdm1 exon 1A promoter region. While investigating
the requirement of exon 1A for Blimp-1 expression, it became clear
that Dex1A cells stimulated with LPS were able to differentiate into
ASCs. This was also the case for cells differentiated using TLR con-
ditions; however, cells cultured in BCR conditions were unable to
upregulate CD138 resulting in a population of B220�CD138� cells.
Furthermore, Dex1A cells cultured in BCR conditions lacked tran-
scripts corresponding to the regulatory region of Prdm1 and exhib-
ited lower Prdm1 expression compared with both WT cells and
Dex1A cells cultured in either LPS or TLR conditions. As the two
conditions differ in the type of receptor engagement (i.e., BCR
crosslinking or TLR4 binding), it is plausible that TLR4 signaling
overcomes the loss of exon 1A to maintain Prdm1 expression. In
previous work, Morgan and colleagues established the presence of
NF-kB sites upstream of the exon 1A promoter, which were essen-
tial for Prdm1 induction and plasma cell differentiation (15). In
agreement with this finding, stimulated B cells isolated from mice
lacking RelA, a subunit of NF-kB, in the B cell lineage have a
severely reduced number of plasmablasts as well as dramatically
impaired induction of Blimp-1 (46). Collectively, this supports the
idea that TLR4 signaling may use alternative regulatory regions
within Prdm1 to enable differentiation. In contrast, essential signals
required for Prdm1 activation are lost using the combination of
Dex1A and BCR signaling.

The ability of Dex1A B cells to generate ASCs in response to
LPS is contrary to the results published by Morgan and colleagues
(15). However, their evaluation was conducted on total splenocytes
stimulated for 3 d and may therefore have failed to detect low levels
of Blimp-1 generated at this time point. It is also worth noting that
when bone marrow�derived dendritic cells from exon 1A deficient
mice were stimulated with LPS, the cells still produced Blimp-1
protein, albeit at a reduced level. The authors identified substantial
expression of Prdm1 transcripts originating from at least one other
promoter (exon 1C) in these mice, and therefore the results pre-
sented in this study promote the idea that the B cell lineage is poten-
tially capable of using alternative promoters in different contexts,
although it remains to be corroborated in vivo.
In conclusion, the validated models presented in this study provide

a foundation to systematically explore the terminal stages of murine B
cell differentiation, make use of genetic models to probe the role of
individual molecules in a cell-autonomous manner and lay the
groundwork for confirmatory studies in whole animal models.
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