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Expression of the Plasma Cell
Transcriptional Regulator Blimp-1 by
Dark Zone Germinal Center B Cells
During Periods of Proliferation
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MRC Human Immunology Unit, Nuffield Department of Medicine, MRC Weatherall Institute of Molecular Medicine, University
of Oxford, Oxford, United Kingdom

Long-lived plasma cells (PCs) develop in germinal centers (GCs) by the differentiation of
affinity matured B cells. Antibody affinity maturation involves iterative rounds of somatic
hypermutation in dark zones (DZs) and selection in light zones (LZs), however the
details of where, when and how PC commitment occurs are not well-understood. Fate
bifurcation at the time of selection is one possibility, with the very highest affinity GC B
cells differentiating as an alternative to DZ re-entry. However, how this model fits with
a need to also retain these clones in the response is not clear. Here, we show that
subsets of bona fide DZ cells express the plasma cell master regulator Blimp-1 at low
levels during periods of proliferation. Ex vivo culture experiments demonstrate that these
cells are not yet committed to plasma cell differentiation but that they may be sensitized
to go down that route. Contrary to models in which T cells directly select GC B cells
to begin expressing Blimp-1, we found that expression of this transcriptional regulator
occurred even when follicular helper T cells were ablated. We speculate that Blimp-1 may
be induced during proliferation in the DZ, and that as such single selected cells might
give rise to both GC and post-GC progeny.
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INTRODUCTION

Adaptive humoral immune responses against T-dependent antigens involve early waves of antibody
production that are followed by the differentiation of long-lived antibody secreting plasma cells.
Early antibodies are mostly made by short-lived plasmablasts that develop through extra-follicular
proliferation and differentiation of activated B cells. While extrafollicular plasmablast derived
antibodies may play important roles in containing and potentially clearing acute infections, their
affinities are usually quite low and the cells that make them are mostly short-lived. Therefore, they
are not major contributors to long-term immunity. In contrast, GC derived plasma cells are affinity
matured and some have the potential to continue secreting antibodies for many years, or even the
life of the host.

GCs form in the B cell follicles of secondary lymphoid tissues in the days following an infection
or immunization and are sites of antibody somatic hypermutation (SHM) and selection (1-3).
GCs polarize into distinct light zones (LZ) and dark zones (DZ) that GC B cells transit back and
forth between many times during the course of responses. The movement of cells between the two
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zones is associated with changes in gene expression and behavior
(4-6). LZs form proximal to sites of antigen entry and can
be distinguished by the presence of specialized stromal cells
known as follicular dendritic cells (FDCs) that sequester immune
complexes through their high expression of complement and Fc
receptors. DZs are sites of rapid proliferation and the B cells of
this zone express activation induced cytidine deaminase (AID,
Aicda) and various error prone repair pathway genes that catalyze
immunoglobulin variable region gene SHM to generate new
antibody variants.

GC B cells exit cell cycle in the DZ before moving to the
LZ to test their freshly minted B cell receptors (BCRs) through
selection events that involve the presentation of peptide-MHCII
complexes to follicular helper T (Tfh) cells (5, 7). A common
side product of SHM is the generation of cells with damaged
immunoglobulin genes and these may be screened out before
cells exit the DZ (8, 9). Affinity enhancing mutations enable LZ
B cells to capture more antigen from FDCs, and this in turn
allows them to present more peptide-MHC class II complexes
and increases their chances of receiving help (10). Stronger T cell
interactions may also drive cells to divide faster and more times
upon returning to the DZ (11, 12). It is thought that only the most
successful 10-30% of LZ GC B cells undergo cyclic re-entry to the
DZ (2), while cells that fail this selection checkpoint mostly die by
neglect (13).

Initiation of plasma cell differentiation occurs within GCs and
involves induction of Blimp-1 (encoded by PrdmI) expression
(14-16). Blimp-1 is the main plasma cell transcriptional regulator
and its expression leads to the repression of various important
pathways such as those that define the B cell lineage (e.g., Pax5,
Bach?2), that are required for proliferation/GC metabolism (e.g.,
c-myc), and that are needed for antigen presentation (e.g., Ciita)
(17-19). Roles for Blimp-1 also include the direct and indirect
induction of genes that facilitate large scale antibody synthesis
(20, 21).

The selection criteria for plasma cell differentiation is thought
to be more stringent than it is for entering the memory B cell
compartment, in terms of antibody affinity. Early evidence for
this came from findings that memory B cell subsets, but not
plasma cell populations, are enlarged in mice expressing an
anti-apoptotic Bcl2 transgene (22), and that Blimp-1T GC B
cell (but not memory B cell) populations are enriched for high
affinity cells (23-25). Furthermore, experimental augmentation
of T-B interactions leads to increased plasma cell numbers (5).
Differential selection requirements fit with the proposed roles
of the two different post-GC products (26). A model inferred
from these observations is that high affinity LZ GC B cells may
be instructed through selection cues (possibly from T cells) to
undergo plasma cell differentiation as an alternative fate to DZ
re-entry. Consistent with this notion, the LZ has been reported to
contain small subsets of high affinity cells that might be engaged
in early stages of the plasma cell differentiation program (27-29).
However, how models of bifurcation during selection in the LZ
might fit with a requirement for continued further maturation
and expansion of the “best” clones is not known.

In this study, we investigated the context and timing of Blimp-
1 expression by GC B cells. Our findings indicate that the largest
“early” Blimp-1!°" subset is one that has a DZ phenotype and

that is actively dividing. DZ cells expressing Blimp-1 at low
levels retained DZ-like gene expression profiles, consistent with
them being a very early differentiation stage. Blimp-1 expression
in the GC did not depend acutely upon signals received from
follicular helper T cells, excluding the possibility that T cells
directly instruct this as an alternative fate to DZ re-entry. While
low Blimp-1 expression in the GC did not mark cells that are
fully committed to an antibody secreting fate, such cells did show
evidence of being sensitized for acquiring additional plasma cell
characteristics. Our result demonstrate that DZ GC B cells may
express Blimp-1 during periods proliferation, and suggest the
possibility that cells that are primed or sensitized for plasma cell
differentiation may emerge from that zone.

MATERIALS AND METHODS

Mice; Immunizations, Treatments, and

Infections

Prdm1™/8® Prdmi-mVenus (Riken accession CDB0460T,
http://www2.clst.riken.jp/arg/TG%20mutant%20mice%20list.
html), Prdm1-yfp, Rosa26-loxP-stp-loxP-DTR, OT-II, Ragl ~/~,
TCRB™/~ TCRS™/~, and Ep-Bcl2-22 mouse strains were
described previously (15, 16, 30-36). The relevant lines were
crossed to generate Ragl™/~ OTII, Cd4-cre Rosa26-DTR
Prdm1™*/#P and Prdm1™*/# Bcl2-tg mice. To generate mice
with an ablatable cognate T cell compartment, Ragl~/~ or
TCRB™/~ TCR3 ™/~ recipients were irradiated with two doses
of 4.5Gy separated by a 3h break. Irradiated mice were
reconstituted with 10% Cd4-cre DTR/PrdmI1*"/8® and 90%
Ragl~/~ OT-II bone marrow cells before resting for at least
8 weeks. These mice were treated with antibiotics (Baytril)
from 1 week before irradiation up until they were culled. For
ablation, 0.75 ug diphtheria toxin (Calbiochem) in saline was
delivered by intraperitoneal (i.p.) injection. Immunizations were
performed by i.p. injection of 2 x 103 SRBCs i.p. (Thermo Fisher
Scientific). For CD40L blockade, 0.5mg anti-mouse CD40L
(clone MRI1, Biolegend), or 0.5 mg purified armenian hamster
IgG control antibody (BioXcell, BE0O091), was administered by
i.v. injection. Intranasal influenza infections were performed
under isoflurane anesthesia with 2 x 10* PFU HKx/31 (H3N2)
virus in 30 pl volume. Some experiments were performed using
C57BL/6 mice that had been irradiated and reconstituted with
bone marrow from PrdmI¥/&/? mice. Similarly, all Blimp-1-
mVenus and Blimp-1-YFP experiments were performed using
WT host/transgenic donor bone marrow chimeras. For DNA
labeling experiments, mice received a single i.p. injection of
Img EdU at the indicated time points before tissue harvest.
Animals were housed in specific pathogen-free enclosures at the
University of Oxford Biomedical Sciences facility. All animal
experiments were approved by a project license granted by the
UK Home Office and were also approved by the Institutional
Animal Ethics Committee Review Board at the University of
Oxford.

Flow Cytometry

Single cell suspensions were generated using 70 or 100 um
cell strainers (BD Pharmingen). Cells were treated with Fc-
receptor blocking antibody (anti-CD16/32) and stained with
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fluorophore coupled antibodies. In some cases, cells were fixed
and permeabilised with Cytofix/Cytoperm (BD Pharmingen)
before analysis. A list of antibodies can be found in Table S3.
For DNA content or intracellular staining, cells were stained with
antibodies to surface antigens before fix/perm. Perm steps were
usually performed overnight in 3-5ml volumes. DAPI staining
was performed at a concentration of 2g/ml DAPI that was
added just before analysis. Samples were measured or sorted
on BD LSR Fortessa X20, LSRII, FACSAria IITu flow cytometric
analysers. Live sort experiments were performed using 100 or 130
uM nozzles. Data was analyzed using Flow]Jo software (Tree Star).

Histology

Tissues were fixed in 4% PFA/PBS for 2 h at 4°C, washed three or
more times and then transferred successively to 10, 20, and 30%
sucrose/PBS with 30 min incubation at each step except the last
which was overnight. Tissue was snap frozen in OCT embedding
medium (Thermo Scientific). Thirty micrometer sections were
cut, dried and blocked (PBS with 0.3% TritonX100, 0.2% BSA,
0.1% NaN3, and 3-5% relevant serums). GFP was detected
using a rabbit anti-GFP antibody followed by donkey anti-rabbit
AF488. A full list of the antibodies used is included in Table S3.
Staining steps were performed for >12 h using the same blocking
solution as is listed above. Slides were mounted in ProLong
Diamond Anti-fade Mounting reagent (Life Tech.) and images
were taken with a Zeiss 780 Inverted or a Zeiss 780 Upright MP
confocal microscope using a 20x oil immersion objective. Imaris
software (bitplane) was used for analysis and processing. For EdU
stainings, the Click-iT Plus EdU Alexa Fluor 555 Imaging Kit
(Life Tech) was used according to manufacturer’s instructions.
The EdU stain was performed after blocking but before antibody
staining.

Ighv Sequencing and Analysis

Reverse transcription and PCR amplification were performed
according to a published protocol (37). Briefly, single cells were
sorted into a 96 well PCR plate with 10 pl of capture buffer
made up of 5ml RNAse-free water (Ambion), 50 pul 1M Tris
pH 8.0 (Gibco), 125 il RNasin (Promega) and frozen at —80°C.
Reverse transcription after defrosting was performed using the
Maxima ¢cDNA Synthesis Kit (Thermo Fisher Scientific). A mix
containing 3 pl 5x buffer mix, 1.5 il Maxima Enzyme mix and
1.5 pl 5% IGEPAL (Sigma-Aldrich) was added. For a one step
pre-amplification of variable heavy chain regions, the MsVHE
primer that is capable to amplify most heavy chain variants
combined with specific primers for IgG1, IgG2b, IgG2c, IgA, and
IgM isotypes was used. Successful amplification was confirmed
on a diagnostic gel and 5 pl PCR product of amplified samples
were cleaned up for sequencing by adding 0.5 1 Exol and 1
pl rSAP (New England Biolabs) for 15min at 37°C followed
by 15min at 80°C for heat inactivation. Samples were Sanger
sequenced with the MsVHE primer. SeqTrace (0.9.0) was used to
generate FASTA files from chromatograms (38). In the program
the minimal confidence score to define a base was set to 30
and the ends were trimmed automatically until eight out of ten
bases passed the quality score. Bases that failed the quality score
in the trimmed sequence were assumed to be the most likely

base assigned by SeqTrace when no quality score was set for
alignment. Sequences were assigned to variable (V), diversity
(D) and joining (J) gene segments using IgBlast (39). Only
sequences with “V-J” regions in frame and no early stop codons
were further analyzed and only somatic mutations at positions
with a SeqTrace quality score of 30 or better were counted.
Custom R scripts were used to assign mutations to quality
scores and the FlowCore package (R package version 1.42.3) was
used to combine flow data from the sort with mutation data
(40).

RNA Sequencing

RNA libraries to sequence 100 cells were prepared using an
adapted Smart-seq2 protocol (41). Cells were sorted directly
into 8 pl lysis mix. Reaction volume was doubled relative to
Picelli et al. from reverse transcription to pre-amplification to
aid FACS stream alignment into 0.2 ml tubes. Normal volumes
were used at all stages following the pre-amplification steps.
Seventeen or eighteen cycles of PCR amplification were used
for GC and follicular samples, respectively. cDNA purification
was performed using Ampure XP beads (Beckman Coulter)
at a sample:bead ratio of 1.7. Libraries were analyzed with a
High Sensitivity Analyser (Agilent) and cDNA tagmentation was
performed with the Nextera XT DNA Sample Preparation kit
(Illumina). Libraries were quantified using PicoGreen (Illumina),
sized using the High Sensitivity Analyser and equal amounts of
tagmented cDNA from each library were pooled. Sequencing
was performed on an Illumina NextSeq500 using FC-404-2005
NextSeq 500/550 High Output Kits v2 (75 cycles).

For data analysis, adapters were trimmed with Trim Galore
(0.4.1) and reads were aligned with STAR (2.5.3a) (42) to the
Mus Musculus genome build GRCm38/mm10. FeatureCounts
was used to generate reads per gene (43). Further analysis was
performed in R using limma (44) and EdgeR (45, 46) according
to published pipeline with minor adaptions (47). For name
conversions between Entrez gene IDs and Gene Symbols the
Mus.Musculus package was used and if duplicated gene names
were present the first occurrence was kept while the others
were deleted. EdgeR functions were used to calculate kilobase
of transcript length per million mapped reads (RPKM), counts
per million (CPM) or log2-CPM. Genes expressed at 1 cpm or
higher in at least 3 samples were kept for further analysis and
a normalization for library size was performed. Unsupervised
clustering was performed based on the thousand genes with
the largest standard deviation between samples using limmas
“plotMDS” function and the first two dimensions explaining
the highest proportions of variation were plotted. Library size
normalized log2-CPM data was precision weighted using limmas
“voom” function. Then differential expression was analyzed
using a linear model in limma and Benjamini-Hochberg (BH)
adjusted P-values were used to determine significance. For
heatmaps, log, transformed mean RPKM values for biological
replicates were calculated and negative values were set back to
zero before values were scaled and heatmaps were drawn with
the gplots package. Only a fraction of DZ and LZ signature genes
from Victora et al. were used to draw corresponding heatmaps
(48). Genes were selected to have an adj. p-val. between DZ"®8 vs.
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LZ"®8 < 0.05 and had to be up in LZ"*8 vs. DZ"°8 for LZ signature
genes or up in DZ"°8 vs. LZ"°¢ for DZ signature genes. For the top
differentially expressed gene heatmap, only genes with an adj. p
< 0.05, a fold change >2.5 and a mean expression >5 RPKM
in at least one of the CD138~ GC populations were chosen. For
expression scatter plots log, transformed mean RPKM values
were calculated for biological replicates and negative values
were set to zero. For gene set enrichment analysis, GSEA (3.0)
from the Broad Institute was used following the recommended
instructions (49).

Single Cell Gene Expression Analysis

Single cells were sorted into 96 well plates with 5 L] one-step mix
for cDNA reverse transcription and specific gene amplification
for target genes (Table $3). The mix contained 2.5 ul 1 x Cells
Direct Reaction Mix from the Cells Direct One-Step qRT-PCR
kit (Life Tech.), 0.05 u] SUPERase-In RNase Inhibitor (Ambion),
0.6 pul RT-Taq mix, 0.6 wl Tris-EDTA (TE) (Life Tech.) and
200 nM primers. The cDNA was pre-amplified in 22 cycles and
diluted to 25 w1 volume with Tris-EDTA. For quantitative PCR
1.8 pl sample were prepared and loaded/run on a Biomark 192.24
Dynamic Array IFC (Fluidigm) according to manufacturer’s
instructions using TagMan Universal PCR Master Mix (2X) (Life
Technologies). BioMark Real-Time PCR Analysis Software and
R were used for analysis. Cells that expressed fewer than 10 of 24
analyzed genes (not all shown) were discarded from analysis as
assumed the reaction low quality (Ct cut-off value of 30). For co-
expression analysis of Pax5, Aicda, and Prdm1 cells were counted
as positive for a gene if they gave a Ct value of <25.

Single Cell and Small Population “Nojima”

Cultures

Single cells “Nojima” cultures were performed as previously
described with only minor modifications (50). Briefly, NB21
feeder cells were seeded at a density of 1,500 cells per well
into a flat bottom 96 well plate the day before sorting in 100
ul medium. The following morning, a further 100 ul medium
was added with IL-4 (Peprotech) to provide final concentration
of 2ng/ml. Culture medium was the same as in the published
protocol except the FBS was from Life Tech (Cat. 10500056).
Cells were sorted directly into culture wells and incubated at 37°C
and 5% CO,. In these experiments, GC B cells were sorted using
an alternative gating scheme (B220+ CD38!°" IgD'*¥ GL7%) to
avoid using antibodies against the death receptor, CD95. From
day 2, culture media volume was increased to 300 ul and half
volume was replaced daily without additional IL-4. Cells were
harvested on day 9 and stained with CD19 and CD138 antibodies
before fixation (4% PFA) and FACS analysis. Cell numbers were
calculated by adding 123 count eBeads (eBioscience) at the time
of facs staining. Conditions were the same for 500 cell cultures
except that analysis was performed at 48 h and no fixation was
performed.

Statistical Analysis

Statistical analysis was performed using Prism 7 (GraphPad)
except for RNA sequencing described above. Statistical tests used
are given in figure legends.

RESULTS

The Plasma Cell Master Regulator Blimp-1
Is Expressed at Low Levels by a Subset of
Dark Zone Cells

To begin exploring the context in which GC B cells initiate
plasma cell differentiation, we examined Blimp-1 expression by
GC B cells using a GFP transcriptional reporter mouse line
(Prdm1™V/sfp heterozygous mice) (15). Mice were immunized
by ip. injection with sheep red blood cells (SRBCs) and
IgD'*" CD95% GL77 splenic GC B cells were gated on day 10
(Figure 1A). GFP detection thresholds were set using GC B cells
from GFPnegative(neg) yi14q type (WT) mice. As expected (14, 16,
23, 28), small but distinct GC B cell subsets were Blimp-1-GFP™
in the reporter mice (Figure 1B). The fluorescence intensities for
individual cells differed over the range of approximately one and
a half to two logs, presumably reflecting differences in duration
that the gene had been expressed for and the specific stage
of the differentiation process (15, 16). The plasma cell marker
CD138 (syndecan-1) was mostly restricted to cells with higher
GFP levels (Figures 1B,C). Back-gating revealed CD138™" Blimp-
1-GFPPright cells as having slightly lower GL7 levels relative to
the total GC B cell population, as might be expected for later
differentiation stages (Figure S1A). Therefore, IgD'®" CD95"
GL7" GC B cell gates contain cells at different phases of plasma
cell commitment, and the combination of Blimp-1 and CD138
detection/staining provided a means to gate likely “early,” “mid,”
and “late” expressing cells.

GC B cells undergo SHM and cellular division in the DZ
state before transitioning to their LZ phase for selection (I,
3). DZ and LZ cells are distinguished by their differential
expression of the transmembrane proteins CXCR4, CD83, and
CD86, with the former subset being CXCR4M8P, CD83lov,
and CD86° (4, 5, 48). We therefore compared staining
patterns for these proteins on Blimp-1-GFP"® and Blimp-
1-GFPT GC B cells (Figures 1D,E). Models in which cells
bifurcate to begin expressing Blimp-1 immediately following
selection as an alternative to cyclic re-entry predict that “early”
CD138"¢8 Blimp-1-GFPY™ GC B cells should mostly have a
LZ phenotype. However, GC B populations with this “early”
phenotype were only modestly enriched for CXCR4°" CD83+
LZ cells (31 vs. 19% among Blimp-1-GFP™¢ cells). Instead,
the majority (56%) of these cells had a CXCR4Mi8h CDg3low
DZ phenotype (Figures 1IEG). Similar findings were made
using CXCR4 vs. CD86 LZ/DZ gating schemes (Figure S1B).
Interestingly, within “mid” CD138"¢8 Blimp-1-GFPint/bright
and “late’ CD138" Blimp-1-GFPP"ig"t gated populations, the
frequencies of DZ phenotype cells was lower but this was mostly
a result of there being increased frequencies of cells that fall
outside of classical LZ/DZ gates (referred to as “Marker'®” in
Figure 1).

Due to concerns that reduced Prdml transcript abundance
in heterozygous gene targeted mice may impact differentiation
kinetics, we performed similar experiments using Blimp-1-
mVenus and Blimp-1-YFP BAC transgenic reporter mouse
lines (16, 36) (Figures SIC-F). However, as in the Prdm1"t/sf
animals, the majority of “early” CD138"¢8 Blimp-19™ GC B
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FIGURE 1 | A Blimp-1 -GFpdim population is found in the germinal center dark zone. Pram1Wt/9 mice were analyzed by FACs at day 10 after SRBC immunization.
(A) Splenic GC B cells were gated as BQ2O+IgD'°WCD95+GL7+. (B) Pre-plasma cell differentiation stages were defined based upon Blimp-1-GFP and CD138 levels.
The dashed line marks the detection threshold for GFP™ cells. (C) Quantification of populations defined in (B) using the same color code. (D) Frequencies of LZ
(CXCRa4'ow cDg3high) and DZ (CXCR4MIN CD83%W) cells among Blimp-1-GFP™d and Blimp-1-GFPPS GC B cells. A further gate is shown around cells falling
outside of DZ/LZ gates (CXCR4OV/"ed and CD83/0W/N€9). (E) Summary of results as in (D), from multiple mice and experiments. (F) DZ/LZ frequencies were

determined for the different differentiation stages defined in (B). (G) Summary of results as in (F), from multiple mice and experiments. (H) CXCR4 vs. Blimp-1-GFP on
total GC B cells. (1) Confocal image of a splenic GC in which Blimp-1-GFP* cells are identified and marked by arrows, with colors indicating their position. CD21/35
demarcates the LZ. (J) Confocal image in which Blimp-1-GFP* cells with high intra-IgG levels are highlighted by orange rectangles. (K) Mutation frequency per 100bp
of Ighv sequence was determined for the indicated populations I-V. Results for follicular B cells (IgD"®9 CD95"ed GL7"89) and plasma cells (B220™M Blimp-1-GFPPright
CD138") are also shown. Plots in (A,B,D,F) and (H) are representative of at least 7 mice from 3 experiments. Numbers shown are percent in gates, + S.D.. For
confocal images, varying numbers of GFPT cells were detected per GC. GC localized Blimp-1-GFPT cells were detected in 11 separate mice from 2 experiments (I)

or 7 mice from 3 experiments (J). Data in H is from two independent experiments but population V was only included in one.

cells in the BAC transgenic lines had a DZ phenotype (62%
in Blimp-1-mVenus mice, 66% in Blimp-1-YFP mice). GC B
cells from the GFP (gene targeted) and BAC transgenic mouse
lines did seemingly differ in terms of their CXCR4 levels on
“later” (reporter bright) cells, however, for unknown reasons.
CXCR4 levels were intermediate/high on mVenus®"8ht/y Fpbright
GC B cells but were low on equivalent populations in the
GFP gene targetted animals (Figure 1H and Figures S1D,F).
Importantly, a correlation between low Blimp-1-GFP levels and a
DZ phenotype also held up in the context of an antiviral (H3N2,
HKx/31 influenza A) GC response in a different lymphoid tissue
(mediastinal lymph nodes) (Figures S1G,H), and using different
GC gating schemes (IgD'®" CD95+ PNA* and IgD'®" CD95"

EphrinB1%") (Figures S1LJ), confirming that these observations
were not specific to a specific immunization, to the spleen, or to
a single GC marker.

We next made efforts to understand where Blimp-1 is
expressed by GC B cells in situ. Splenic sections from immunized
Prdm1™"/8 mice were immuno-stained and examined by
confocal microscopy. GC LZs and DZs were distinguished by
the presence or absence of FDC associated CD21/35 (Figure 1I)
or IgG (immune complex) staining (Figure 1J). Comparisons
to control sections from WT mice confirmed the specificity of
the anti-GFP stain (Figure 1I). GFP levels in the “early” GC
subsets of interest are very low and this impeded efforts to
perform a careful quantitative analysis, however Blimp-1-GFpdim
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cells were found in both zones as expected from the FACS.
Blimp-1-GFP"8ht cells were commonly, but not exclusively,
found to be within the network of FDCs that demarcate the
LZ, or at the very far base of the DZ, consistent with previous
reports (28, 29, 51). Cells at the base of the GC were often so
“deep” that it was not possible to definitively determine whether
they were in or just outside the GC perimeter. Regardless of
their site, Blimp-1-GFPP"g"t cells commonly contained large
quantities of intracellular IgG, further confirming that they are
at a late differentiation stage (Figure 1J). Individual GCs differed
in the number of Blimp-1-GFP* cells they contained (panel of
examples show in Figure S1K), however whether this reflects true
heterogeneity in plasma cell output, or instead reflects sampling
noise, was not clear.

As a final effort to validate that we were analyzing true
GC derived cells in our FACs experiments, single cells were
sorted and their Ighv region genes PCR amplified, sequenced
and compared to their predicted unmutated common ancestors
(37). For feasibility issues, Blimp-1-expressing GC B cell
populations were divided into just dim and bright subsets
in these experiments. Consistent with their proposed origin,
most Blimp-1-GFP4™ (subset II) and GFPPYight (subset III)
GC B cells carried somatic mutation loads that were similar
to that of their non-Blimp-1 expressing counterparts (subset
I) (Figure 1K). Interestingly, IgD'®¥ CD95% cells that were
Blimp-1-GFPP"8h but had low or negligible GL7 levels (subset
IV) also carried GC-like somatic mutations loads, indicating
that they are GC or post GC cells in the process of reducing
their GL7 levels. In contrast, [gD'®" CD95T GL7"°8 Blimp-1-
GFP4™ B cells (subset V) and B220™ CD138* Blimpl-GFP*
plasma cells mostly were not somatically mutated. Therefore,
the former population probably represents cells engaged in the
extrafollicular response and the latter subset mostly contains
cells that developed early in the response or via that same
route.

In summary, Blimp-1 is expressed at a range of levels in the
GC. CD138"8 Blimp-1-GFPY™ cells are found in both zonal
subsets, but the majority of these “early” Blimp-1 expressing cells
have a DZ phenotype.

Dark Zone Cells With Low Blimp-1-GFP
Levels Have Transcriptional Signatures
Consistent With Their Phenotype

We extended our investigations of Blimp-1 expression in
the GC beyond correlations with cell surface markers. We
were conscious that plasma cells, like DZ cells, depend upon
CXCR4 for their proper positioning (52), and that they may
downregulate CD83 and CD86 as they differentiate, which could
lead to the former being assigned as the latter. Therefore, the
transcriptomes of DZ and LZ GC B cells expressing the Blimp-
1-GFP reporter were determined. Cells were FACS sorted using
the gates described in Figures 1B,F, with the exception that the
“late” CD138% Blimp-1-GEPP"i8% population was not subdivided
using LZ/DZ markers. RNA sequencing (RNA-seq) libraries
were prepared from 100 cell samples using the “smart-seq2”
protocol (41). mRNA from follicular B cells and B220"t GL7"¢8

CD1387" Blimp-1-GFPP"g" plasma cells was also sequenced, for
comparison.

Multi-dimensional clustering analysis identified all the
CD138™8 Blimpl-GFP expressing GC B cell populations
(Blimp-1-GFPY™ and Blimp-1-GFP™/bright cells, with both
LZ and DZ surface phenotypes) as being more closely
related to Blimp-1-GFP™® GC B cells than they were to
terminally differentiated plasma cells, confirming their “early”
and “mid” differentiation statuses (Figure 2A). Consistent with
their “later” phenotype, CD138% Blimp-1-GFPPi8h gated cells
fell somewhere between GC B and plasma cells in this
analysis.

Despite their having initiated expression of the plasma cell
master regulator, DZ and LZ CD138"8 Blimp-1-GFP4™ GC
B cells still expressed various important GC regulating genes
such as Bcl6, Aicda, and Slpr2 at levels similar to that of
their Blimp-1-GFP"® counterparts (Figure 2B and Table S1).
Furthermore, these cells showed only modest evidence of
having started downregulating expression of the B cell lineage
defining genes Pax5 and Bach2 that are known targets for
Blimp-1 mediated repression (53). Pax5 and Bach2 transcript
reductions were also only marginal in CD138"¢¢ Blimp-1-
GFPt/bright GG cells, with larger decreases being evident
only at the CD138% Blimp-1-GFP18"t stage. Surprisingly, Irf4
mRNA levels were not raised at the “early” CD138"°8 Blimp-
1-GFPY™ stages, despite its high and sustained levels being
one way that plasma cell differentiation is promoted (Figure 2B
and Figure S2A) (54). However, Irf4 transcripts were more
abundant by the time cells reached the CD138"¢¢ Blimp-1-
GFPIn/bright stage (2 and 7-fold in LZ and DZ, respectively),
and they were further increased in CD138" Blimp-1-GFpPright
cells (2.5 and 6-fold further). Single cell RT-PCR analysis
confirmed mRNAs encoding Prdml, Pax5, and Aicda were
present in the same cells, ruling out concerns we had about
possible pooling effects (Figure 2C). Despite these results,
gene set enrichment analysis (GSEA), comparing to a dataset
of genes that are Blimp-1 bound and regulated in in vitro
generated pre-plasma blasts (21), provided evidence that Blimp-
1 protein was probably present and active already even in
CD138"¢ Blimp-1-GFPY™ cells (Figure 2D). Genes from both
Blimp-1 regulated and antibody secreting cell (ASC) associated
genesets (55), however, showed far greater expression changes
at the “late” CD138" Blimp-1-GFP"8ht stage (Figures 2E,F and
Table S1).

We next interrogated the RNA-seq datasets for evidence as
to whether similarities between Blimp-1-expressing and non-
expressing “DZ” cells extended beyond just surface markers.
Expression of DZ signature genes (5, 48) was remarkably
similar in CD138"¢ Blimp-1-GFP4™ and Blimp-1-GFP"8 DZ
populations, indicating that shared transcriptional programs
were in place (Figure2G and Table S1). For example, cells
in both populations expressed cell cycle related genes (e.g.
Ccnd3, Aurka, Cdkn3), DNA editing genes (e.g., Aicda, Polh,
Lig4, Dnasel), and transcription regulating genes (e.g., FoxP1I,
Tcf3) at levels above that of LZ cells. Continued expression
of many DZ signature genes was evident even in “mid”
CD138"¢ Blimp1-GFPint/bright cells, and Aicda transcripts were

Frontiers in Immunology | www.frontiersin.org

January 2019 | Volume 9 | Article 3106


https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles

Radtke and Bannard

Blimp-1 Expression in Dark Zone

-16°

row Z-score

-
2-1012

used. Means are shown in (E,G,H).

A B 256 ecge = C
. : 256 . @ .
% ?2 RS : f‘é & * 3 TRz Tecnee T B Aicda*Pax5*Prdm1*
—~ . Q S 16 )
) VI | DZrs Q4 4 S 4 WPax5*Aicda*
S < Dzem s 1 ] 1 - QO 4 &
~ Il DzZwera X oy 54 @, 2y ©256] ®7 s B a®® 0] W Pax5*Prdm1*
* T 64 .
S IV LZws @ © < 3% v 5], £ - BAicda*Prdm1*
2 v Lzam g ¢ 3} < 4 Soa 4T, A&
S ol IX VI Lz 102 1 L ® = INo co-expression
E <l . . ~N256] ecee. o 256 * = X
L Vi v VIl CD138* QA= eece 5, 64 Py X 64 ® o Ref. population
Y10 13 3 4 s ViFol ISURTS 3 <16 PERSIETE SR VRS CXCR4 ———»
o X PC @ 4 L2 . et
Dimension 1(log,) =y 29 £z OO ! ! -
03 65855 °°Q_
LLINNE NNE ©
[alaFIVA=h
N N3
a
D . . . G . .
Blimp-1 activated ASC signature DZ associated Top diff. regulated
gESpes gEeipes gEiges
NNNNRNOO NNNNRNQO NNNNRNQO
° Enrichment plot: Blimp-1 activated ooao u u ﬁ oo Alog2(Fc) to DZnes o000 ﬁ ﬁ ﬂ oo o0oaQo ﬂ 5 5 oo
§ 04 16 |
2 03 LZreo -
0.2 p=0002 54% up | ||
0(1) FDR=0.002 Olp— -
0.1
(TR0 p
o 161 7dim 16; y7dim
£ 3 dims DZn dim LZ Dz
87 2 } DZim>DZ™s  DZ™9>DZ: 64% up 73% up
é g olp— ®_d of—
€ 0 5000 10000 15000
[:4 Rank in Ordered Dataset -16 -16
16y | zinubright 16) pzintwright
Mani <
o Enrichment plot: Blimp-1 repressed NHsp90b1 @ . 76% up ‘ . 82% up
8 _0‘17 “Nck2 [ r
02 ﬁggﬁ%h 2
03 ,- “Endc. -16' -1
04 gr;::()ggoo Pl 18 +
05 g CD138
97% up
L0 a e
H % DZdm>pZmes  DZres>DZeim - ‘;’77
g é -16
853 16
5 0 5000 10000 15000 559/0 up ‘
o Rank in ordered Dataset
Ojr

FIGURE 2 | RNA-seq analysis reveals Blimp-1 is expressed by GC B cells while they still retain dark zone and light zone signatures. One hundred cell populations
were sorted according to the gating scheme presented in Figures 1A-D but with slightly increased stringency on the LZ/DZ gates to ensure purity. Their
transcriptomes were determined by RNA-seq. Sample names have been shortened, e.g., DZ CD138"€9 Blimp-1-GFPYM cells are referred to as DZAM in the figure.
(A) A multidimensional scaling plot showing differences between samples based on top 1,000 genes with the largest standard deviations between samples. (B) log2
RPKM values for various important B cell lineage, GC regulating or plasma cell associated genes. (C) Single cell RT-PCR was performed on index-sorted GC B cells to
confirm co-expression of the indicated genes (colored according to legend). Cells not co-expressing at least two of the indicated genes (Aicda, Pax5, Prdm1) are
depicted in black. CXCR4 and GFP protein intensities are also indicated on the x and y axis. (D) Gene set enrichment analysis (GSEA) of Blimp-1 activated or Blimp-1
repressed gene sets comparing DZ9M and DZ"9 cells. The nominal p-values (p) and FDR g-values (FDR) are given. (E) Relative expression levels of Blimp-1 directly
activated genes. (F) Changes in ASC-related gene expression sorted by log2 fold difference relative to Blimp-1-GFP"®9 DZ cells. Frequencies represent percent of
ASC-genes that are increased in the indicated subset. (G) Differences in DZ-associated genes. Genes discussed in text are shown in red. (H) The top 10 most
up-regulated and 10 down-regulated genes between LZ vs. any LZ-like Blimp-1-GFP* population and DZ vs. any DZ-like Blimp-1-GFP* population. Additional genes
of interest were added to the list (depicted in red). RNAseq was performed using 5 biological replicates (mice) per group except for follicular B cells where 3 were

still detected even in the “late” CD138% Blimp-1-GFPpPright
subset (albeit an approx. 4-fold and 2-fold reduced level relative
to in DZ and LZ Blimp-1-GFP™# cells, respectively). The
detection in Blimpl-expressing cells of mRNAs encoding DNA
editing genes was surprising as it raises the possibility of
continued SHM after Blimp-1 expression, however regulation
of the SHM machinery may occur in a post-transcriptional
manner at this phase. Importantly, Blimp-1-expressing DZ
cells, in contrast to LZ-like populations, contained DZ-like
levels of most LZ signature (5, 48) mRNAs such as Fcer2a,
Cd40, Nfkbia, and Gpr183 (Figure S2A). The “early” Blimp-
1 expressing LZ subset also displayed a transcriptional profile

that was very similar to its non-Blimp-1 expressing counterpart
(Figure 2G and Figure S2A). Consequently, Blimp-1 is expressed
at low levels in DZ and LZ cells at times when they
retain mRNAs encoding important GC and subset regulating
genes.

A further goal of the RNA-seq experiments was to identify
transcriptional changes occurring early after Blimp1-expression
in GC B cells. We therefore compiled a list of the top 10 genes
whose expression was increased or decreased in “early” CD138"°8
Blimp-1-GFP4™ and “mid” CD138"8 Blimp-1-GFp™"/bright D7
populations, relative to their non-GFP expressing counterparts
(Figure 2H). Similar comparisons for the LZ subsets were
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also performed, with the resulting heat map showing gene
expression patterns for all populations. In addition, we identified
genes whose expression was changed already in the “early”
Blimp1-expressing subsets (CD138"8 Blimp-1-GFP4™ cells) and
maintained in CD138"°8 Blimp-1-GFP™/Pright cells. Of 53 genes
identified as being differentially expressed in CD138"°8 Blimp-1-
GFPY™ DZ cells, 47 remained changed in the CD1388 Blimp-
1-GFPInt/bright subset. In LZ cells, 57 of the genes that differed in
CD138™8 Blimp1-GFPY™ cells also were changed in CD138"¢8
Blimp-1-GFP"/bright cells (Figure S2B). Surprisingly, of the 104
differentially expressed genes identified by this analysis, only 9
were shared between the DZ and the LZ subsets.

In summary, these findings confirm that subsets of bona-fide
DZ and LZ cells express low levels of the plasma cell master
regulator Blimp-1, but that most plasma cell associated gene
expression changes occur only at later stages of pre-plasma cell
development.

Rapid Proliferation Associated With

Blimp-1 Expression by Dark Zone Cells
The finding that Blimp-1 may be expressed in DZ GC B
cells raised the question of whether clonal expansion continues
during or after its expression is initiated. Extrafollicular
antibody responses involve periods of pre-plasmablast and/or
plasmablast proliferation (56), but whether similar events occur
in established GCs has not been investigated. Splenocytes
from immunized PrdmI1“"/#P mice were fixed and their DNA
content was determined by DAPI staining. This procedure
caused significant losses in GFP fluorescence intensities that
led the Blimp-1-GFP4mmest cells to appear Blimp-1-GFP €,
however we were still able to identify cells with a range of
GFP intensities (Figure 3A). A greater frequency of DZ cells
(Blimp-1-GFP"™8) were actively dividing than were LZ cells
(24 vs. 17%), as expected (Figures 3A,B) (4, 5). Surprisingly,
the frequency of proliferating DZ cells was even higher for
the Blimp-1-GFPY™ subset (42 vs. 24% for Blimp-1GFP4m
DZ and Blimp-1-GFP"8 DZ, respectively), indicating that
these are among the most active cells in terms of cellular
division. Similar findings were made using just CXCR4 to
gate DZ cells (FigureS3A), and when the analysis was
performed at very early (day 6) or late (day 16) stages of
the response (Figures S3B,C). An inverse correlation existed
between GFP florescence intensity levels and the likelihood of
a cell undergoing division, consistent with Blimp-1-GFPPright
cells representing later differentiation stages (Figures 3A,B and
Figure S3A). The presence of proliferating Blimp-1-GFP™ cells
within GC structures was confirmed through immunostaining
and confocal microscopy of splenic sections from mice
that received EdU during the preceding 5h (Figure 3C and
Figure $3D). We unfortunately failed, however, to perform
a more quantitative in situ analysis because GFP detection
sensitivity was seemingly negatively impacted by development
steps for EQU analysis.

These results demonstrate that Blimp-1 expression is induced
during, or maintained by, DZ GC B cells during periods of
proliferation.

Dark Zone GC B Cells Retain the Capacity
for Extensive Clonal Expansion After
Initiating Blimp-1 Expression

The finding that Blimp-1 expression occurs concordantly with
cellular division in DZ cells led us to next ask whether Blimp-
1T GC B cells are all committed to quickly differentiate
to a post-proliferative state, or whether instead some cells
may retain the capacity for extensive clonal expansion. To
test this, we made use of the “Nojima’ culture method
(50), a novel single cell GC B cell feeder assay developed
by Kuraoka et al. that involves FACS sorting single GC
B cells into tissue culture wells containing CD40L and
Baff expressing “NB21” feeder cells (in the presence of
exogenous IL-4), followed by in vitro incubation for 9 days.
By performing indexed FACS sorts (where staining profile
information is retained for each cell/well), we were able to
correlate proliferative potential to the phenotype of cells at the
time of plating.

Cultures seeded from single B cells were enumerated to
determine population sizes, with “NB21 cell only” wells being
used to set detection thresholds. As expected, this approach was
highly efficient for cloning follicular B cells, and moderately so
for non-Blimp-1 expressing GC B cells (62 and 11%, respectively)
(Figure 4A). Surprisingly, the cloning efficiency was similar
for Blimp-1-GFP"®8 and Blimp-1-GFPY™ GC B cells (11 vs.
8%), and the population sizes established were approximately
the same. Therefore, GC B cells expressing Blimp-1 at low
levels have not yet reached a differentiation stage that precludes
significant clonal expansion. In contrast, we failed using this
assay to expand GC B cells that were Blimp-1-GFpint/bright
(2% of cells cloned), indicating that they are probably already
committed to terminal differentiation. Similar findings of no
growth were made when “mature” plasma cells (GL7"¢% B220'™
CD138" Blimp-1-GFP™) were cultured, as expected. A negative
correlation existed between the intensity of the Blimp-1-GFP
signal at the time of sorting and the potential of GC B cells for
clonal expansion in this assay (Figure 4B) (Chi-square test, p =
0.0014 comparing Blimp-1-GFP4™ with Blimp-1-GEpint/bright)
Although a positive cloning result in this assay does not prove
a cell can or will proliferate in vivo in the GC, these findings do
provide strong evidence that Blimp-1 is expressed at low levels
by GC B cells without necessarily immediately impairing their
capacity for further clonal expansion.

T Cells Are Not Acutely Required for
Blimp-1 Expression by GC B Cells

To directly test whether Ty, cells drive Blimp-1 expression
as an alternative fate to cyclic re-entry, we established an
experimental system in which antigen-specific T cells could
be acutely ablated at defined periods after GCs had formed.
Ragl~/~ or TCRP/8~/~ mice were lethally irradiated and
reconstituted with mixes of bone marrow (BM) from Ragl_/ -
OT-II mice and from CD4-Cret Rosa26-loxP-stp-loxP-DTR™
PrdmI1™/8%® animals, at ratios of ~90:10 (Figure 5A). In the
resulting bone marrow chimeric animals, all CD4™ T cells that
are capable of responding to SRBC immunization express the
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FIGURE 3 | Blimp-1 is expressed at low levels during periods of proliferation. (A) DNA content based cell cycle analysis was performed on the indicated splenic GC

subsets from Prdm1%t/9° mice on day 10 following SRBC immunization (left). Frequency means (S.D.) of cells in S/G2/M are indicated on histograms. (B) Summary
of results as in (A), from multiple mice and experiments. (C) Confocal micrographs showing EdU incorporation by Blimp-1-GFP* GC B cells (left). Mice received single
i.p. injections of EAU 5 h before analysis. Blimp-1-GFPTEdUT cells in the GC area are highlighted by orange rectangles and are shown in magnification with or without
the EdU channel on. A Prdm7WYWt non-EdU treated control sample is also shown (right). For (B) a Kruskal-Wallis test with Dunn’s test was performed (n = 7; pooled

from 3 independent experiments). Horizontal lines indicate means *P < 0.05; **P < 0.01; **P < 0.001. (C) Is representative of GCs from 4 mice.

human diphtheria toxin receptor (DTR) that allows their specific
and temporal ablation by delivery of diphtheria toxin (DT). The
co-transfer of Ragl~/~ OT-II BM cells provides a source of
“irrelevant” non-ablatable hen egg ovalbumin-specific CD4% T
cells that will not respond to the immunizing antigen, and also
prevents the complete depletion of CD4-expressing non-T cell
lineages such as dendritic cells. Importantly, all B cells in the
resulting chimeric animals carry the PrdmI¢P allele but do not
express DTR.

Cohorts of mixed BM chimeric mice were immunized
with SRBCs and treated with DT at 24 or 72h before tissue
harvest on days 11 or 12 (Figure5A). An analysis of the
frequency of splenic CXCR5M8h PD1Mh Ty cell frequencies
confirmed DT mediated T cell ablation was fast and efficient,
with 48- and 109-fold decreases at the 24 and 72h time
points (Figures 5B,C). GC B cells were still present even 72h
after DT treatment, but at reduced frequencies (Figure 5D).
Strikingly, despite the near complete absence of cognate
T cells for at least 2 days, Blimp-1-GFP expression was
still detected in appreciable frequencies of the GC B cell

populations at the 72 h time point (Figures 5E,F). Furthermore,
the full range of “early,” “mid,” and “late” (CD138"8 Blimp-1-
GFPY™, CD138%8 Blimp-1-GFP"/bright and CD138* Blimp-
1-GFPright) subsets were present, albeit at slightly reduced
frequencies for “early” and “mid” stages (1.3x and 1.9x
reduced, respectively). The least affected Blimp-1-GFPT GC
subset was the “latest” CD138% Blimp-1-GFPP18ht stage,
which was reduced numerically but not in frequency. While
these experiments using complex BM settings suffered from
significant experiment to experiment variation in terms of
total Blimp-1-GFP™ frequencies, similar results in terms of
patterns of changes were noted in all experiments performed
(Figures S4A,B). Furthermore, blocking CD40-CD40L signaling
through delivery of the MR-1 anti-CD40L monoclonal antibody
lead to similar effects in terms reductions in GC B cell
size and frequencies of Blimp-1-GFP* subsets (but with
Blimp-1-GFP still detectable in appreciable fractions of cells)
(Figures S4B-D).

To try to gain further insight into how cues provided by
T cells may impact GC to pre-plasma cell differentiation, the
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FIGURE 4 | GC B cells expressing low Blimp-1 levels retain potential for extensive clonal expansion. (A) Single splenic GC B cells (8220 IgD'C’W CD38"°9 GL7T)
from Prdm1Wt/9 mice were index sorted on day 10 after S_RBC immunization and cult_ured ex vivo using the “Nojima culture” method in 96 well plates. Follicular B
cells (B220 IgD* CD38+ GL7"9) and plasma cells (B220™ CD138+ Blimp-1-GFPPMI9N) were also sorted, for comparison. (A) Clonal culture sizes were
determined on culture day 9. Solid lines indicate means. Dashed lines indicate the detection limit set according to NB21 feeder cell only wells. (B) Cell numbers
recovered after culture were plotted against Blimp-1-GFP level at time of the sort (index FACs data). Vertical dashed lines indicate the detection limit. Blimp-1-GFP
detection threshold (horizontal dashed line) was set based on a GFP"®9 control. GFP intensities gates in (A) were set according to the color code in (B). Pooled data
from two independent experiments are shown.

transcriptomes of “mid” CD138"¢ Blimp-1-GFPt/bright and
“late” CD138" Blimp-1-GEPPigh cells, from mice that did or did
not receive DT treatment 72 h earlier, were determined by RNA-
seq. We focused on these subsets because they displayed stronger
ASC-like gene expression signatures in earlier experiments
(Figure 2). Consistent with CD138"®8 subsets being the most
impacted in terms of population frequency decreases after DT
treatment (Figures 5E,F), the CD138"¢¢ Blimp-1-GFpint/bright
subset was also the most affected in terms of numbers of
genes whose expression was different after DT treatment
(Figure S4E and Table S2). More specifically, the expression of
many ASC-associated and Blimp-1 activated genes were reduced
in this subset when T cells were ablated, suggesting that their
differentiation may be delayed or stunted (Figures 5G,H and
Table S2). The opposite trend was seen for the CD138" subset
where expression of Blimp-1-activated and ASC-associated genes
was seemingly increased in mice that received DT. This may
reflect that GC B cells less frequently reach this stage when T cells
are not present, and as such this gate becomes enriched for cells
that have been differentiating and accumulating in the gate for
longer time periods.

Together, these findings indicate that T cell derived selection
cues are not acutely needed for Blimp-1 expression by GC B
cells, but that T cells promote normal numbers of Blimp-1-
expressing GC B cells. The observed changes in gene expression
of Blimp-1 expressing cells from DT treated animals suggests the
possibility that T cells may also promote late stages of the pre-PC
differentiation program.

Dark Zone Cells Expressing Blimp-1 at
Low Levels Can Reverse Expression ex
vivo but May Be Sensitized for Acquiring

Plasma Cell Characteristics

The findings that CD138™8 Blimp-1-GFPY™ GC B cells have
transcriptional signatures very close to that of non-Blimp-1-
expressing GC B cells, and that they retained a capacity for
extensive proliferation ex vivo, raised the possibility that these
“early” cells may not yet be fully committed to become antibody
secreting cells. We therefore wished to directly test whether GC
B cells with low Blimp-1 levels demonstrate differences in their
propensity for further differentiation. To this end, we again used
the “Nojima culture” protocol, but this time used it to support
and stimulate small populations of GC B cells over 2 days ex vivo
culture periods. These experiments were performed using mice
expressing a Bcl2-transgene (57), in addition to the Prdmi8f
allele, in order to enhance cell survival. Population sizes of 500
B cells were chosen as a compromise between feasibility of FACS
sorting very rare subsets and recovering sufficient cell numbers
for analysis at day 2.

In cultures where B cells did not express Blimp-1-GFP at
the time of plating, most cells remained GFP™¢ at the time
of analysis, with only 3.8% (LZ) and 5.9% (DZ) of the cells
becoming GFP" (Figures 6A,B). As expected, cultured plasma
cells mostly remained Blimp-1-GFP* and CD138"8". Somewhat
surprisingly, many of the CD138"8 Blimp-1-GFPY™ cells (both
of DZ and LZ phenotype) lost detectable GFP expression by the
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FIGURE 5 | Blimp-1 expression by GC B cells is not acutely dependent upon cues from T cells. (A) Strategy for the temporal ablation of antigen specific T cells during
an ongoing response. Lethally irradiated Rag?—/~ or TCR p/5~/~ mice were reconstituted with the indicated mixes of bone marrow, then immunized with SRBCs >8
weeks later. Mice received single i.p. injections of diphtheria toxin (DT) 72 or 24 h before analysis on days 11 or 12. (B) CXCR5F PD-17 Ty, cells were identified, with
and without 24 h DT treatment. Plots are gated on splenic B220"®9 CD4 cells and are from individual representative animals. (C) Frequencies of Tfh cells (as a
proportion of splenocytes) and, (D) frequencies of GC B cells (as a proportion of total B cells), at the indicated time points post-DT treatment. (E) Representative
CD138 vs. Blimp-1-GFP staining patterns on IgD'OW CD95% GL7+ GC B cells, 72 h after T cell ablation. (F) Summary of results as in (E), from multiple
mice/experiments. (G,H) RNA-seq analysis was performed on the indicated GC B cell populations from mice with and without DT treatment (72 h). (G) Changes in
expression of ASC-related and (H) Blimp-1 activated genes in indicated GC B cell populations were determined and sorted by log2 fold differences in DT treated vs.
control mice. Numbers indicate the proportion and direction of ASC or Blimp-1 regulated genes that are changed in treated mice. For (C) no DT n = 38, 24h DT n =
10 or 72h DT n = 24 mice. For all populations of (D,F) n = 24 mice from 5 independent experiments. For (C,D,F) a Kruskal-Wallis test with Dunn’s test was
performed. Horizontal lines indicate means. *P < 0.05; **P < 0.01; ***P < 0.001.
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time of analysis, indicating that Blimp-1 expression had been
reversed and that terminal plasma cell commitment was not
yet hard set. Whether this might be the explanation for why
CD138"8 Blimp-1-GFPY™ cells and non-Blimp-1 expressing
cells expanded equivalently well in the 9 day single cell ex
vivo assays (Figure 4), or whether instead this resulted from
continued expansion by cells that maintained Blimp-1 expression
but are not yet fully differentiated, is not clear. Despite Blimp-
1 reversion by some cells, however, CD138"°¢ Blimp-1-GFpdi™
populations did seemingly also contain within them cells that
displayed evidence of being primed or sensitized for plasma
cell differentiation, because just over one quarter of the cells
remained GFPT (27.1% for DZ cells and 27.3% for LZ), and
small frequencies upregulated CD138 (8.2% for DZ cells and
8.5% for LZ). CD138 levels on cultured GC B cells were lower
than on cultured plasma cells, however its expression was
mostly restricted to Blimp-1-GFPPTigMer cells supporting it being
differentiation associated. We also performed ELISA assays on
the culture supernatants to ask whether antibody secretion had
occurred, however results from these experiments were variable
and as such inconclusive (not shown).

Together, these results indicate that CD138"¢% Blimp-1-
GFPY™ GC B cell populations are not yet committed to
irreversible Blimp-1 expression but that they may contain within
them cells that may be primed or sensitized to acquire further
PC-associated characteristics.

DISCUSSION

We investigated the context in which Blimp-1 is expressed by GC
B cells with the goal of better understanding the processes that

drive their differentiation toward a plasma cell fate. Consistent
with recent findings from Kriutler et al. (28), we report that
Blimp-1 is expressed at low levels by a subset of LZ cells.
More surprising, however, was the result that the largest of the
“early” CD138"8 Blimp-1-GFPY™ subsets was one with a DZ
phenotype. A trivial explanation for these results might have
been that these cells increased their CXCR4 levels, and decreased
surface CD83 and CD86 abundance, as a consequence of them
becoming plasma cells rather than because they were bona
fide DZ cells. However, this conclusion was not supported by
transcriptome analysis that we performed. Moreover, while GC
cells mostly exit cell cycle before entering the LZ, the behavior of
Blimp-1-expressing DZ cells was similar to that of their Blimp-
178 counterparts in that they were rapidly dividing. Therefore,
Blimp-1 is expressed at low levels by proliferating cells engaged
in the GC DZ program.

An association between proliferation and Blimp-1 induction
has been recognized in other settings for many years. After
mitogenic stimulation in vitro, as well as during plasmablast
differentiation in vivo, cells undergo plasma cell differentiation
only after completing multiple cell divisions (58-60). It was
not possible for us to conclusively determine whether Blimp-
1 expression was induced in, rather than maintained by, DZ
cells, however our results do indicate an association between
Blimp-1 transcription and a highly proliferative state. High
affinity LZ cells receive cues that lead them to divide faster and
more times upon returning to the DZ (11, 12), therefore the
same cues that drive this proliferation might indirectly cause
some daughter cells to acquire Blimp-1 competence. Such a
pathway could contribute to the preferential development of
higher affinity plasma cells. Interestingly, CD40L and IL-21, both
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of which are likely contributing inputs in terms of determining
proliferation rates and numbers of division cycles by GC B cells,
also have strong links to plasma cell differentiation (27, 61). Such
a model might also help explain why, in experiments where T cell
help is strongly augmented using a DEC205 scavenger receptor
mediated peptide loading protocol (5), plasma cell development
is enhanced without reducing GC participation.

How then might single selected GC B cells, after entering the
DZ, generate Blimp-1T and Blimp-1"°8 progeny? Continuous
live cell imaging and mathematical modeling approaches have
suggested that disparate B cell fates may develop due to
stochastic variation in how competition plays out between
opposing components of the cell’s signaling circuitry (62). If
this were true in the GC, bifurcation would not necessarily
need to occur immediately following a particular event such
as antigen engagement or T cell interaction. Interestingly,
even 2-fold changes in Bcl6 and Pax5 levels can impact
GC B cell fate decisions (63). Alternatively, the adoption of
different fates might involve the unequal inheritance of B
cell and plasma cell promoting factors during mitosis (64).
For example, asymmetrical distribution of BCR-Ag complexes,
signaling units, Bcl6 or Blimp-1 repressing/enhancing factors
could cause daughter cells to diverge in terms of how
they respond to certain environmental cues or signaling
events (65, 66).

An important finding from our work is that T cell derived
signals are not acutely required for Blimp-1 expression in the GC.
As such, T cells do not drive this fate as an alternative to cyclic re-
entry. While these finding are consistent with those of Krautler
et al. who recently depleted T cells using an antibody-mediated
approach (28), Ise et al. instead found that the generation of
a LZ plasma cell precursor cells (defined as Bcl-61°" CD69gh
IRF4"i8") required strong signals via the CD40-CD40L axis
(27). An important unresolved issue, therefore, is what is the
relationship between the two reported cell states? The subset
of cells described in the Ise et al. study was not yet detectibly
Blimp-17T, whereas Irf4 transcript levels were not increased in
any of the earliest Blimp-1T cell types reported here, even
when they had a LZ phenotype. Interestingly, Bcl-6!° CDeoPigh
IRF4Mgh cells were found to also express c-myc and Batf at
high levels, and these are both required for DZ maintenance
(67-69). One possibility, therefore, is that the Bcl-61°" CDg9high
IRF4"8" subset contains cells that recently received strong
selection cues and are destined to undergo proliferative bursts on
their return to the DZ, which might indirectly lead to Blimp-1
expression.

While we have focused on understanding where and when
Blimp-1 is expressed in the GC, whether or not its transcription
alone (at least at low levels) exclusively marks cells that are
destined to leave the GC is not clear. “Early” CD138"¢ Blimp-
1-GFPY™ cells, regardless of their DZ/LZ profile, maintained
transcriptional signatures very close to that of “normal” GC
B cells. Furthermore, 2 days after their isolation and co-
culture under “Nojima” conditions, many CD138"®¢ Blimp-1-
GFPY™ cells became GFP™8 again, indicating that Blimp-1
transcription had been transient. Although it is important to
note that no culture conditions accurately mimic the in vivo

setting, and as such it is not clear whether similar reversion
occurs in GCs, these results do indicate that the plasma cell
differentiation program is not yet hard set in these cells. Despite
the Blimp-1 reversion by some cells, however, other cells from
the same culture wells maintained Blimp-1 expression and
acquired another plasma characteristic by upregulating CD138.
Therefore, we speculate that low Blimp-1 expression in the GC
may mark cells (or populations containing cells) that are not
yet committed to PC differentiation, but are competent to do
s0.

Although help from T cells was not acutely required for
Blimp-1 expression in our experiments, we do not exclude
the possibility that cues received from them promote later PC
commitment events. Krdutler et al. reported that, following
antibody mediated depletion of T cells, plasma differentiation
was halted at an immature Blimp—l—GFPlOW stage (28). As
such, it remains possible that T cells may contribute to
affinity discrimination at late differentiation stages, or that
T cells have one last say in terms of ensuring cells are of
an appropriate specificity. We did not observe an absolute
loss of any particular differentiation subset following T cell
ablation in our experiments, however we did note that CD138"8
Blimp-1-GEPint/bright cells were less developed in terms of their
expression of ASC associated genes, which would be consistent
with a late differentiation block. Whether these gene expression
differences reflected a global impairment in differentiation, or
instead indicated that fewer cells reached later stages, was
not assessed. Somewhat surprisingly, “late” CD138" Blimp-1-
GFPPright cells were the least affected subset by T cell ablation
in our assays, but this might reflect that these cells persist
for longer after they are generated. The concept that CD138*
GC B cells might remain in that state for relatively prolonged
periods is seemingly supported with the finding by Laidlow
et al. that these cells are negative for a fluorescent Slpr2
transcriptional reporter (mVenus) that presumably has a half-
life of many hours (70), despite our detecting S1pr2 transcript in
“early” CD138"°¢ Blimp-1-GFPY™ and “mid” CD138"°8 Blimp-
1-GEPint/bright cells 'While we did not test a requirement for
BCR mediated antigen engagement in supporting or promoting
plasma cell differentiation (independently of peptide acquisition
for presentation to T cells), Krautler et al. showed that blocking
antigen engagement leads to a near complete loss of Blimp-
1 expression by GC B cells (28). Given that antigen is mostly
found in the LZ, it is not immediately obvious how these
results fit with our findings of Blimp-1 expression in the DZ.
However, a plausible explanation might be that BCR signaling
events received at earlier LZ stages contributes to Blimp-
1 initiation some time later after cells have returned to the
DZ. Further studies are required to resolve these important
issues.

In summary, we find that GC B cells express the plasma
cell master regulator Blimp-1 at low levels during periods of
active proliferation in their DZ state. Blimp-1 expression in
the GC does not necessarily commit cells to a plasma cell
fate, but it probably does mark cells that are sensitized to
going down this route. The correlation of proliferation and
Blimp-1-induction suggests the possibility that the two may be
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linked, especially given the previously described associations
in other settings. As such, progeny arising from single
selected cells may, in principle, seed plasma cell populations
without impairing their continued participation within the GC
response.

DATA AND MATERIALS AVAILABILITY

RNA-seq data is available at National Center for

Biotechnology Information’s Gene Expression Omnibus
(GEO) under the GEO series accession number GSEl
11419.  https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=
GSE111419

AUTHOR CONTRIBUTIONS

DR performed the experiments. DR and OB designed and
analyzed the experiments and wrote the manuscript. OB
supervised the project.

FUNDING

This work was funded by a Sir Henry Dale Fellowship from
The Wellcome Trust/Royal Society (OB, 105654/Z/14/Z) and
by the Medical Research Council through core funding to

REFERENCES

1. Victora
Immunol.
75032

2. Mesin L, Ersching J, Victora GD. Germinal center B cell dynamics. Immunity
(2016) 45:471-82. doi: 10.1016/j.immuni.2016.09.001

3. Bannard O, Cyster JG. Germinal centers: programmed for affinity maturation
and antibody diversification. Curr Opin Immunol. (2017) 45:21-30.
doi: 10.1016/j.c0i.2016.12.004

4. Allen CDC, Ansel KM, Low C, Lesley R, Tamamura H, Fujii N,
et al. Germinal center dark and light zone organization is mediated
by CXCR4 and CXCR5. Nat Immunol. (2004) 5:943-52. doi: 10.1038/n
i1100

5. Victora GD, Schwickert TA,
Meyer-Hermann M,  Dustin
dynamics  revealed by
photoactivatable  fluorescent
doi: 10.1016/j.cell.2010.10.032

6. Bannard O, Horton RM, Allen CDC, An J, Nagasawa T, Cyster JG.
Germinal center centroblasts transition to a centrocyte phenotype
according to a timed program and depend on the dark zone

Immunity (2013) 39:912-24. doi: 10.1016/j.

GD, Nussenzweig MC. Germinal centers. Annu Rev
(2012) 30:429-57. doi: 10.1146/annurev-immunol-020711-0

AO,
center

Fooksman

ML, et

multiphoton
reporter.

DR, Kamphorst

al.

microscopy
(2010)

Germinal
with a

Cell 143:592-605.

for effective selection.
immuni.2013.08.038

7. Allen CDC, Okada T, Cyster JG. Germinal-center organization and cellular
dynamics. Immunity (2007) 27:190-202. doi: 10.1016/j.immuni.2007.07.009

8. Mayer CT, Gazumyan A, Kara EE, Gitlin AD, Golijanin J,
Viant C, et al. The microanatomic segregation of selection
by apoptosis in the germinal center. Science (2017) 358:ea
202602. doi: 10.1126/science.aa02602

9. Stewart I, Radtke D, Phillips B, McGowan §], Bannard O.
Germinal center B cells replace their antigen receptors in
dark zones and fail light zone entry when immunoglobulin

the MRC WIMM and the MRC Human Immunology Unit
(MM_UU_12010/3).

ACKNOWLEDGMENTS

We are grateful to T. Arnon, R. Cornall, E. Robertson, A.
Maclean, K. Simon, and J. Thaventhiran for providing mice. We
also thank S. Nutt (WEHI, Melbourne) and M. Saitou (Riken
Kobe Institute) for generously allowing use of the Blimp-1-
GFP and Blimp-1-mVenus mouse lines, respectively. A. Reboldi
kindly provided Blimp-1-YFP bone marrow cells. We thank J.
Cyster and T. Arnon for critically reading a draft manuscript.
Cell sorts were performed in the WIMM FACs facility with
expert assistance from C. Waugh and S. Clarke. N. Ashley
(WIMM single cell core) provided technical advice and assisted
with NGS library preparation, T. Rostron (WIMM sequencing
core) provided sequencing services and N. Gray (WIMM
Computational Biology Research Group) provided advice for
data analysis.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/fimmu.
2018.03106/full#supplementary-material

gene mutations are damaging. (2018)  49:477-89.e7.
doi: 10.1016/j.immuni.2018.08.025

. Shulman Z, Gitlin AD, Weinstein ]S, Lainez B, Esplugues E, Flavell RA,
et al. Dynamic signaling by T follicular helper cells during germinal
center B cell selection. Science (2014) 345:1058-62. doi: 10.1126/science.12
57861

. Gitlin AD, Shulman Z, Nussenzweig MC. Clonal selection in the germinal
centre by regulated proliferation and hypermutation. Nature (2014) 509:637-
40. doi: 10.1038/nature13300

. Gitlin AD, Mayer CT, Oliveira TY, Shulman Z, Jones MJK, Koren A, et al. T
cell help controls the speed of the cell cycle in germinal center B cells. Science
(2015) 349:643-6. doi: 10.1126/science.aac4919

. Liu YJ, Joshua DE, Williams GT, Smith CA, Gordon J, MacLennan IC.
Mechanism of antigen-driven selection in germinal centres. Nature (1989)
342:929-31. doi: 10.1038/342929a0

. Angelin-Duclos C, Cattoretti G, Lin KI, Calame K. Commitment of B
lymphocytes to a plasma cell fate is associated with Blimp-1 expression in vivo.
J Immunol. (2000) 165:5462-71. doi: 10.4049/jimmunol.165.10.5462

. Kallies A, Hasbold J, Tarlinton DM, Dietrich W, Corcoran LM, Hodgkin
PD, et al. Plasma cell ontogeny defined by quantitative changes in blimp-1
expression. ] Exp Med. (2004) 200:967-77. doi: 10.1084/jem.20040973

. Fooksman DR, Schwickert TA, Victora GD, Dustin ML, Nussenzweig MC,
Skokos D. Development and migration of plasma cells in the mouse lymph
node. Immunity (2010) 33:118-27. doi: 10.1016/j.immuni.2010.06.015

. Lin Y, Wong K, Calame K. Repression of c-myc transcription by Blimp-1, an
inducer of terminal B cell differentiation. Science (1997) 276:596-9.

. Shapiro-Shelef M, Lin KI, McHeyzer-Williams L], Liao J, McHeyzer-Williams
MG, Calame K. Blimp-1 is required for the formation of immunoglobulin
secreting plasma cells and pre-plasma memory B cells. Immunity (2003)
19:607-20. doi: 10.1016/s1074-7613(03)00267-x

. Piskurich JE Lin KI, Lin Y, Wang Y, Ting JP, Calame K. BLIMP-I mediates
extinction of major histocompatibility class II transactivator expression in
plasma cells. Nat Immunol. (2000) 1:526-32. doi: 10.1038/82788

Immunity

Frontiers in Immunology | www.frontiersin.org

14

January 2019 | Volume 9 | Article 3106


https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE111419
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE111419
https://www.frontiersin.org/articles/10.3389/fimmu.2018.03106/full#supplementary-material
https://doi.org/10.1146/annurev-immunol-020711-075032
https://doi.org/10.1016/j.immuni.2016.09.001
https://doi.org/10.1016/j.coi.2016.12.004
https://doi.org/10.1038/ni1100
https://doi.org/10.1016/j.cell.2010.10.032
https://doi.org/10.1016/j.immuni.2013.08.038
https://doi.org/10.1016/j.immuni.2007.07.009
https://doi.org/10.1126/science.aao2602
https://doi.org/10.1016/j.immuni.2018.08.025
https://doi.org/10.1126/science.1257861
https://doi.org/10.1038/nature13300
https://doi.org/10.1126/science.aac4919
https://doi.org/10.1038/342929a0
https://doi.org/10.4049/jimmunol.165.10.5462
https://doi.org/10.1084/jem.20040973
https://doi.org/10.1016/j.immuni.2010.06.015
https://doi.org/10.1016/s1074-7613(03)00267-x
https://doi.org/10.1038/82788
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles

Radtke and Bannard

Blimp-1 Expression in Dark Zone

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

Tellier J, Shi W, Minnich M, Liao Y, Crawford S, Smyth GK, et al. Blimp-
1 controls plasma cell function through the regulation of immunoglobulin
secretion and the unfolded protein response. Nat Immunol. (2016) 17:323-30.
doi: 10.1038/ni.3348

Minnich M, Tagoh H, Bénelt P, Axelsson E, Fischer M, Cebolla
B, et al. Multifunctional role of the transcription factor Blimp-1 in
coordinating plasma cell differentiation. Nat Immunol. (2016) 17:331-43.
doi: 10.1038/ni.3349

Smith KG, Light A, O'Reilly LA, Ang SM, Strasser A, Tarlinton D. bcl-2
transgene expression inhibits apoptosis in the germinal center and reveals
differences in the selection of memory B cells and bone marrow antibody-
forming cells. ] Exp Med. (2000) 191:475-84. doi: 10.1084/jem.191.3.475
Phan TG, Paus D, Chan TD, Turner ML, Nutt SL, Basten A, et al. High affinity
germinal center B cells are actively selected into the plasma cell compartment.
] Exp Med. (2006) 203:2419-24. doi: 10.1084/jem.20061254

Shinnakasu R, Inoue T, Kometani K, Moriyama S, Adachi Y, Nakayama M,
et al. Regulated selection of germinal-center cells into the memory B cell
compartment. Nat Immunol. (2016) 17:861-9. doi: 10.1038/ni.3460

Suan D, Kréutler NJ, Maag JLV, Butt D, Bourne K, Hermes JR, et al. CCR6
defines memory B cell precursors in mouse and human germinal centers,
revealing light-zone location and predominant low antigen affinity. Immunity
(2017) 47:1142-53.e4. doi: 10.1016/j.immuni.2017.11.022

Purtha WE, Tedder TF, Johnson S, Bhattacharya D, Diamond MS. Memory
B cells, but not long-lived plasma cells, possess antigen specificities for viral
escape mutants. ] Exp Med. (2011) 208:2599-606. doi: 10.1084/jem.20110740
Ise W, Fujii K, Shiroguchi K, Ito A, Kometani K, Takeda K, et al. T follicular
helper cell-germinal center B cell interaction strength regulates entry into
plasma cell or recycling germinal center cell fate. Immunity (2018) 48:702-
15.e4. doi: 10.1016/j.immuni.2018.03.027

Kriutler NJ, Suan D, Butt D, Bourne K, Hermes JR, Chan TD, et al.
Differentiation of germinal center B cells into plasma cells is initiated by high-
affinity antigen and completed by Tth cells. ] Exp Med. (2017) 214:1259-67.
doi: 10.1084/jem.20161533

Zhang Y, Tech L, George LA, Acs A, Durrett RE, Hess H, et al.
Plasma cell output from germinal centers is regulated by signals from
Tth and stromal cells. ] Exp Med. (2018) 215:1227-43. doi: 10.1084/jem.20
160832

Barnden MJ, Allison J, Heath WR, Carbone FR. Defective TCR expression
in transgenic mice constructed using cDNA-based alpha- and beta-
chain genes under the control of heterologous regulatory elements.
Immunol Cell Biol. (1998) 76:34-40. doi: 10.1046/j.1440-1711.1998.
00709.x

Buch T, Heppner FL, Tertilt C, Heinen TJAJ, Kremer M, Wunderlich FT, et al.
A Cre-inducible diphtheria toxin receptor mediates cell lineage ablation after
toxin administration. Nat Methods (2005) 2:419-26. doi: 10.1038/nmeth762
Lee PP, Fitzpatrick DR, Beard C, Jessup HK, Lehar S, Makar KW,
et al. A critical role for Dnmtl and DNA methylation in T cell
development, function, and survival. Immunity (2001) 15:763-74.
doi: 10.1016/s1074-7613(01)00227-8

Mombaerts P, lacomini ], Johnson RS, Herrup K, Tonegawa S, Papaioannou
VE. RAG-1-deficient mice have no mature B and T lymphocytes. Cell (1992)
68:869-77.

Mombaerts P, Clarke AR, Rudnicki MA, Tacomini J, Itohara S, Lafaille
JJ, et al. Mutations in T-cell antigen receptor genes alpha and beta block
thymocyte development at different stages. Nature (1992) 360:225-31.
doi: 10.1038/360225a0

Strasser A, Whittingham S, Vaux DL, Bath ML, Adams JM, Cory S,
et al. Enforced BCL2 expression in B-lymphoid cells prolongs antibody
responses and elicits autoimmune disease. Proc Natl Acad Sci USA. (1991) 88:
8661-5.

Ohinata Y, Sano M, Shigeta M, Yamanaka K, Saitou M. A comprehensive, non-
invasive visualization of primordial germ cell development in mice by the
Prdml-mVenus and Dppa3-ECFP double transgenic reporter. Reproduction
(2008) 136:503-14. doi: 10.1530/REP-08-0053

Ho 1Y, Bunker JJ, Erickson SA, Neu KE, Huang M, Cortese M,
et al. Refined protocol for generating monoclonal antibodies from single
human and murine B cells. J Immunol Methods (2016) 438:67-70.
doi: 10.1016/j.jim.2016.09.001

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

Stucky BJ. SeqTrace: a graphical tool for rapidly processing DNA sequencing
chromatograms. J Biomol Tech. (2012) 23:90-3. doi: 10.7171/jbt.12-2303-004
Ye J, Ma N, Madden TL, Ostell JM. IgBLAST: an immunoglobulin variable
domain sequence analysis tool. Nucleic Acids Res. (2013) 41:W34-40.
doi: 10.1093/nar/gkt382

Hahne F, LeMeur N, Brinkman RR, Ellis B, Haaland P, Sarkar D, et al.
flowCore: a Bioconductor package for high throughput flow cytometry. BMC
Bioinformatics (2009) 10:106. doi: 10.1186/1471-2105-10-106

Picelli S, Faridani OR, Bjorklund AK, Winberg G, Sagasser S, Sandberg R.
Full-length RNA-seq from single cells using Smart-seq2. Nat Protoc. (2014)
9:171-81. doi: 10.1038/nprot.2014.006

Dobin A, Davis CA, Schlesinger F, Drenkow J, Zaleski C, Jha S, et al.
STAR: ultrafast universal RNA-seq aligner. Bioinformatics (2013) 29:15-21.
doi: 10.1093/bioinformatics/bts635

Liao Y, Smyth GK, Shi W. FeatureCounts: an efficient general purpose
program for assigning sequence reads to genomic features. Bioinformatics
(2014) 30:923-30. doi: 10.1093/bioinformatics/btt656

Ritchie ME, Phipson B, Wu D, Hu Y, Law CW, Shi W, et al. limma powers
differential expression analyses for RNA-sequencing and microarray studies.
Nucleic Acids Res. (2015) 43:e47. doi: 10.1093/nar/gkv007

Robinson MD, McCarthy DJ, Smyth GK. edgeR: a Bioconductor package for
differential expression analysis of digital gene expression data. Bioinformatics
(2010) 26:139-40. doi: 10.1093/bioinformatics/btp616

McCarthy DJ, Chen Y, Smyth GK. Differential expression analysis of
multifactor RNA-Seq experiments with respect to biological variation. Nucleic
Acids Res. (2012) 40:4288-97. doi: 10.1093/nar/gks042

Law CW, Alhamdoosh M, Su S, Smyth GK, Ritchie ME. RNA-seq analysis
is easy as 1-2-3 with limma, Glimma and edgeR. F1000 Res. (2016) 5:1408.
doi: 10.12688/f1000research.9005.2

Victora GD, Dominguez-Sola D, Holmes AB, Deroubaix S, Dalla-Favera R,
Nussenzweig MC. Identification of human germinal center light and dark
zone cells and their relationship to human B-cell lymphomas. Blood (2012)
120:2240-8. doi: 10.1182/blood-2012-03-415380

Subramanian A, Tamayo P, Mootha VK, Mukherjee S, Ebert BL, Gillette
MA, et al. Gene set enrichment analysis: a knowledge-based approach for
interpreting genome-wide expression profiles. Proc Natl Acad Sci USA. (2005)
102:15545-50. doi: 10.1073/pnas.0506580102

Kuraoka M, Schmidt AG, Nojima T, Feng F, Watanabe A, Kitamura D,
et al. Complex antigens drive permissive clonal selection in germinal centers.
Immunity (2016) 44:542-52. doi: 10.1016/j.immuni.2016.02.010
Meyer-Hermann M, Mohr E, Pelletier N, Zhang Y, Victora GD, Toellner K-M.
A theory of germinal center B cell selection, division, and exit. Cell Rep. (2012)
2:162-74. doi: 10.1016/j.celrep.2012.05.010

Hargreaves DC, Hyman PL, Lu TT, Ngo VN, Bidgol A, Suzuki G, et al.
A coordinated change in chemokine responsiveness guides plasma cell
movements. ] Exp Med. (2001) 194:45-56. doi: 10.1084/jem.194.1.45

Shaffer AL, Lin KI, Kuo TC, Yu X, Hurt EM, Rosenwald A, et al.
Blimp-1 orchestrates plasma cell differentiation by extinguishing the
mature B cell gene expression program. Immunity (2002) 17:51-62.
doi: 10.1016/s1074-7613(02)00335-7

Ochiai K, Maienschein-Cline M, Simonetti G, Chen ], Rosenthal R, Brink
R, et al. Transcriptional regulation of germinal center B and plasma
cell fates by dynamical control of IRF4. Immunity (2013) 38:918-29.
doi: 10.1016/j.immuni.2013.04.009

Shi W, Liao Y, Willis SN, Taubenheim N, Inouye M, Tarlinton DM, et al.
Transcriptional profiling of mouse B cell terminal differentiation defines a
signature for antibody-secreting plasma cells. Nat Immunol. (2015) 16:663-73.
doi: 10.1038/ni.3154

Sze DM, Toellner KM, Garcia de Vinuesa C, Taylor DR, MacLennan IC.
Intrinsic constraint on plasmablast growth and extrinsic limits of plasma cell
survival. ] Exp Med. (2000) 192:813-22. doi: 10.1084/jem.192.6.813

Smith KG, Weiss U, Rajewsky K, Nossal GJ, Tarlinton DM. Bcl-2 increases
memory B cell recruitment but does not perturb selection in germinal centers.
Immunity (1994) 1:803-13.

Hodgkin PD, Lee JH, Lyons AB. B cell differentiation and isotype switching is
related to division cycle number. ] Exp Med. (1996) 184:277-81.

Hasbold J, Corcoran LM, Tarlinton DM, Tangye SG, Hodgkin PD. Evidence
from the generation of immunoglobulin G-secreting cells that stochastic

Frontiers in Immunology | www.frontiersin.org

January 2019 | Volume 9 | Article 3106


https://doi.org/10.1038/ni.3348
https://doi.org/10.1038/ni.3349
https://doi.org/10.1084/jem.191.3.475
https://doi.org/10.1084/jem.20061254
https://doi.org/10.1038/ni.3460
https://doi.org/10.1016/j.immuni.2017.11.022
https://doi.org/10.1084/jem.20110740
https://doi.org/10.1016/j.immuni.2018.03.027
https://doi.org/10.1084/jem.20161533
https://doi.org/10.1084/jem.20160832
https://doi.org/10.1046/j.1440-1711.1998.00709.x
https://doi.org/10.1038/nmeth762
https://doi.org/10.1016/s1074-7613(01)00227-8
https://doi.org/10.1038/360225a0
https://doi.org/10.1530/REP-08-0053
https://doi.org/10.1016/j.jim.2016.09.001
https://doi.org/10.7171/jbt.12-2303-004
https://doi.org/10.1093/nar/gkt382
https://doi.org/10.1186/1471-2105-10-106
https://doi.org/10.1038/nprot.2014.006
https://doi.org/10.1093/bioinformatics/bts635
https://doi.org/10.1093/bioinformatics/btt656
https://doi.org/10.1093/nar/gkv007
https://doi.org/10.1093/bioinformatics/btp616
https://doi.org/10.1093/nar/gks042
https://doi.org/10.12688/f1000research.9005.2
https://doi.org/10.1182/blood-2012-03-415380
https://doi.org/10.1073/pnas.0506580102
https://doi.org/10.1016/j.immuni.2016.02.010
https://doi.org/10.1016/j.celrep.2012.05.010
https://doi.org/10.1084/jem.194.1.45
https://doi.org/10.1016/s1074-7613(02)00335-7
https://doi.org/10.1016/j.immuni.2013.04.009
https://doi.org/10.1038/ni.3154
https://doi.org/10.1084/jem.192.6.813
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles

Radtke and Bannard

Blimp-1 Expression in Dark Zone

60.

61.

62.

63.

64.

65.

66.

mechanisms regulate lymphocyte differentiation. Nat Immunol. (2004) 5:55-
63. doi: 10.1038/ni1016

Chan TD, Gatto D, Wood K, Camidge T, Basten A, Brink R. Antigen
affinity controls rapid T-dependent antibody production by driving
the expansion rather than the differentiation or extrafollicular
migration of early plasmablasts. ] Immunol. (2009) 183:3139-49.
doi: 10.4049/jimmunol.0901690

Ozaki K, Spolski R, Ettinger R, Kim H-P, Wang G, Qi CE et al
Regulation of B cell differentiation and plasma cell generation by IL-21,
a novel inducer of Blimp-1 and Bcl-6. J Immunol. (2004) 173:5361-71.
doi: 10.4049/jimmunol.173.9.5361

Dufty KR, Wellard CJ, Markham JE, Zhou JHS, Holmberg R, Hawkins ED,
et al. Activation-induced B cell fates are selected by intracellular stochastic
competition. Science (2012) 335:338-41. doi: 10.1126/science.1213230
Huang C, Geng H, Boss I, Wang L, Melnick A. Cooperative transcriptional
repression by BCL6 and BACH2 in germinal center B-cell differentiation.
Blood (2014) 123:1012-20. doi: 10.1182/blood-2013-07-518605

Thaunat O, Granja AG, Barral P, Filby A, Montaner B, Collinson L, et al.
Asymmetric segregation of polarized antigen on B cell division shapes
presentation capacity. Science (2012) 335:475-9. doi: 10.1126/science.1214100
Barnett BE, Ciocca ML, Goenka R, Barnett LG, Wu J, Laufer TM, et al.
Asymmetric B cell division in the germinal center reaction. Science (2012)
335:342-4. doi: 10.1126/science.1213495

Lin W-HW, Adams WC, Nish SA, Chen Y-H, Yen B, Rothman NJ, et al.
Asymmetric PI3K signaling driving developmental and regenerative
cell fate bifurcation. Cell Rep. (2015) 13:2203-18. doi: 10.1016/j.
celrep.2015.10.072

67. Inoue T, Shinnakasu R, Ise W, Kawai C, Egawa T, Kurosaki T.
The transcription factor Foxol controls germinal center B cell
proliferation in response to T cell help. ] Exp Med. (2017) 214:1181-98.
doi: 10.1084/jem.20161263

68. Dominguez-Sola D, Victora GD, Ying CY, Phan RT, Saito M, Nussenzweig
MC, et al. The proto-oncogene MYC is required for selection in the
germinal center and cyclic reentry. Nat Immunol. (2012) 13:1083-91.
doi: 10.1038/ni.2428

69. Calado DP, Sasaki Y, Godinho SA, Pellerin A, Kéchert K, Sleckman BP,
de Alborén IM, Janz M, Rodig S, Rajewsky K. The cell-cycle regulator c-
Myc is essential for the formation and maintenance of germinal centers. Nat
Immunol. (2012) 13:1092-100. doi: 10.1038/ni.2418

70. Laidlaw BJ, Schmidt TH, Green JA, Allen CDC, Okada T, Cyster JG. The
Eph-related tyrosine kinase ligand Ephrin-Bl marks germinal center and
memory precursor B cells. ] Exp Med. (2017) 214:639. doi: 10.1084/jem.201
61461

Conflict of Interest Statement: The authors declare that the research was
conducted in the absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

Copyright © 2019 Radtke and Bannard. This is an open-access article distributed
under the terms of the Creative Commons Attribution License (CC BY). The use,
distribution or reproduction in other forums is permitted, provided the original
author(s) and the copyright owner(s) are credited and that the original publication
in this journal is cited, in accordance with accepted academic practice. No use,
distribution or reproduction is permitted which does not comply with these terms.

Frontiers in Immunology | www.frontiersin.org

16

January 2019 | Volume 9 | Article 3106


https://doi.org/10.1038/ni1016
https://doi.org/10.4049/jimmunol.0901690
https://doi.org/10.4049/jimmunol.173.9.5361
https://doi.org/10.1126/science.1213230
https://doi.org/10.1182/blood-2013-07-518605
https://doi.org/10.1126/science.1214100
https://doi.org/10.1126/science.1213495
https://doi.org/10.1016/j.celrep.2015.10.072
https://doi.org/10.1084/jem.20161263
https://doi.org/10.1038/ni.2428
https://doi.org/10.1038/ni.2418
https://doi.org/10.1084/jem.20161461
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles

	Expression of the Plasma Cell Transcriptional Regulator Blimp-1 by Dark Zone Germinal Center B Cells During Periods of Proliferation
	Introduction
	Materials and Methods
	Mice; Immunizations, Treatments, and Infections
	Flow Cytometry
	Histology
	Ighv Sequencing and Analysis
	RNA Sequencing
	Single Cell Gene Expression Analysis
	Single Cell and Small Population ``Nojima'' Cultures
	Statistical Analysis

	Results
	The Plasma Cell Master Regulator Blimp-1 Is Expressed at Low Levels by a Subset of Dark Zone Cells
	Dark Zone Cells With Low Blimp-1-GFP Levels Have Transcriptional Signatures Consistent With Their Phenotype
	Rapid Proliferation Associated With Blimp-1 Expression by Dark Zone Cells
	Dark Zone GC B Cells Retain the Capacity for Extensive Clonal Expansion After Initiating Blimp-1 Expression
	Tfh Cells Are Not Acutely Required for Blimp-1 Expression by GC B Cells
	Dark Zone Cells Expressing Blimp-1 at Low Levels Can Reverse Expression ex vivo but May Be Sensitized for Acquiring Plasma Cell Characteristics

	Discussion
	Data and Materials Availability
	Author Contributions
	Funding
	Acknowledgments
	Supplementary Material
	References


