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Expression of the Plasma Cell
Transcriptional Regulator Blimp-1 by
Dark Zone Germinal Center B Cells
During Periods of Proliferation

Daniel Radtke and Oliver Bannard *

MRC Human Immunology Unit, Nuf eld Department of Medicine, MR Weatherall Institute of Molecular Medicine, University
of Oxford, Oxford, United Kingdom

Long-lived plasma cells (PCs) develop in germinal center&Cs) by the differentiation of
af nity matured B cells. Antibody af nity maturation involes iterative rounds of somatic
hypermutation in dark zones (DZs) and selection in light zes (LZs), however the
details of where, when and how PC commitment occurs are not wh-understood. Fate
bifurcation at the time of selection is one possibility, wlit the very highest af nity GC B
cells differentiating as an alternative to DZ re-entry. Hasver, how this model ts with

a need to also retain these clones in the response is not cleaHere, we show that

subsets of bona de DZ cells express the plasma cell master rgulator Blimp-1 at low

levels during periods of proliferationEx vivoculture experiments demonstrate that these
cells are not yet committed to plasma cell differentiation tt that they may be sensitized
to go down that route. Contrary to models in which T cells diretly select GC B cells
to begin expressing Blimp-1, we found that expression of tls transcriptional regulator
occurred even when follicular helper T cells were ablated. ®speculate that Blimp-1 may
be induced during proliferation in the DZ, and that as such Bgle selected cells might
give rise to both GC and post-GC progeny.

Keywords: germinal center, antibody af nity maturation, B ce I, humoral immunity, differentiation

INTRODUCTION

Adaptive humoral immune responses against T-dependent amtigevolve early waves of antibody
production that are followed by the di erentiation of long-kd antibody secreting plasma cells.
Early antibodies are mostly made by short-lived plasmabldstt develop through extra-follicular
proliferation and di erentiation of activated B cells. Whilextrafollicular plasmablast derived
antibodies may play important roles in containing and poteltyi@learing acute infections, their
a nities are usually quite low and the cells that make thene anostly short-lived. Therefore, they
are not major contributors to long-term immunity. In contss, GC derived plasma cells are a nity
matured and some have the potential to continue secretinghadtes for many years, or even the
life of the host.

GCs form in the B cell follicles of secondary lymphoid tissuethe days following an infection
or immunization and are sites of antibody somatic hypermigat(SHM) and selection1-3).
GCs polarize into distinct light zones (LZ) and dark zones j@iZat GC B cells transit back and
forth between many times during the course of responses. Tivement of cells between the two
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zones is associated with changes in gene expression anddrehathat is actively dividing. DZ cells expressing Blimp-1 at low
(4-6). LZs form proximal to sites of antigen entry and canlevels retained DZ-like gene expression pro les, consistetit wi
be distinguished by the presence of specialized stromal cetlsem being a very early di erentiation stage. Blimp-1 exprassio
known as follicular dendritic cells (FDCs) that sequestemiune  in the GC did not depend acutely upon signals received from
complexes through their high expression of complement and Fiollicular helper T cells, excluding the possibility that T cells
receptors. DZs are sites of rapid proliferation and the B cdlls directly instruct this as an alternative fate to DZ re-entWhile
this zone express activation induced cytidine deaminas®,(Al low Blimp-1 expression in the GC did not mark cells that are
Aicdg) and various error prone repair pathway genes that catalyztilly committed to an antibody secreting fate, such cells tiovge
immunoglobulin variable region gene SHM to generate newevidence of being sensitized for acquiring additional plasrall
antibody variants. characteristics. Our result demonstrate that DZ GC B cells may
GC B cells exit cell cycle in the DZ before moving to theexpress Blimp-1 during periods proliferation, and suggest the
LZ to test their freshly minted B cell receptors (BCRs) througtpossibility that cells that are primed or sensitized for plaswrlh c
selection events that involve the presentation of peptide-MHCIdi erentiation may emerge from that zone.
complexes to follicular helper T (Tfh) cell$,(7). A common
side product of SHM is the generation of cells with damageq ATERIALS AND METHODS
immunoglobulin genes and these may be screened out before
cells exit the DZ &, 9). A nity enhancing mutations enable Lz Mice; Immunizations, Treatments, and
B cells to capture more antigen from FDCs, and this in turn|nfections
allows them to present more peptide-MHC class Il complexe®rdm=9f prdm1-mVenus (Riken accession CDBO0460T,
and increases their chances of receiving h&fj).(Stronger T cell  http://wwwz2.clst.riken.jp/arg/TG%20mutant%20mice%20list.
interactions may also drive cells to divide faster and marees  html), Prdm1-yfp, Rosa26-loxP-stp-loxP-DTR, OT-Ragl = ,
uponreturning tothe DZ (1, 12). Itis thoughtthatonlythemost TCRb = TCRd =, and EnBcl2-22 mouse strains were
successful 10-30% of LZ GC B cells undergo cyclic re-entheto described previously16, 16, 30-36). The relevant lines were
DZ (2), while cells that fail this selection checkpoint mostlylofe  crossed to generatikagl= OTIl, Cd4cre Rosa26-DTR
neglect (3). Prdm=90 and PrdmM=9' Bcl2-tg mice. To generate mice
Initiation of plasma cell di erentiation occurs within GCs @n  with an ablatable cognate T cell compartmefagl= or
involves induction of Blimp-1 (encoded byrdm] expression TCRb = TCRd = recipients were irradiated with two doses
(14-16). Blimp-1is the main plasma cell transcriptional regulatorof 4.5Gy separated by a 3h break. Irradiated mice were
and its expression leads to the repression of various importantconstituted with 10%Cd4cre DTRPrdmM=9° and 90%
pathways such as those that de ne the B cell lineage @295, Ragl= OT-ll bone marrow cells before resting for at least
Bach3, that are required for proliferation/GC metabolism (e.g.,8 weeks. These mice were treated with antibiotics (Baytril)
c-myg, and that are needed for antigen presentation (€ata)  from 1 week before irradiation up until they were culled. For
(17-19. Roles for Blimp-1 also include the direct and indirectaplation, 0.75 ug diphtheria toxin (Calbiochem) in salineswa
induction of genes that facilitate large scale antibodytisysis  delivered by intraperitoneal (i.p.) injection. Immunizatismvere
(20,21). performed by i.p. injection of 2 10° SRBCs i.p. (Thermo Fisher
The selection criteria for plasma cell di erentiation is thght ~ Scienti ¢). For CD40L blockade, 0.5mg anti-mouse CD40L
to be more stringent than it is for entering the memory B cell(clone MR1, Biolegend), or 0.5mg puri ed armenian hamster
compartment, in terms of antibody a nity. Early evidence for |gG control antibody (BioXcell, BE0091), was administergd b
this came from ndings that memory B cell subsets, but notjy. injection. Intranasal in uenza infections were penfoed
plasma cell populations, are enlarged in mice expressing athder iso urane anesthesia with 2 10* PFU HKx/31 (H3N2)
anti-apoptotic Bcl2 transgene?), and that Blimp-£ GC B virus in 30mm volume. Some experiments were performed using
cell (but not memory B cell) populations are enriched for highC57BL/6 mice that had been irradiated and reconstituted with
anity cells (23-25). Furthermore, experimental augmentation hone marrow fromPrdm=%® mice. Similarly, all Blimp-1-
of T-B interactions leads to increased plasma cell numb®rs ( mvenus and Blimp-1-YFP experiments were performed using
Di erential selection requirements t with the proposed roles WT host/transgenic donor bone marrow chimeras. For DNA
of the two di erent post-GC products46). A model inferred |abeling experiments, mice received a single i.p. injectibn o
from these observations is that high a nity LZ GC B cells may 1 mg EdU at the indicated time points before tissue harvest.
be instructed through selection cues (possibly from T celis) t Animals were housed in speci ¢ pathogen-free enclosures at the
undergo plasma cell di erentiation as an alternative fate 6 D University of Oxford Biomedical Sciences facility. All aim
re-entry. Consistent with this notion, the LZ has been repdrto experiments were approved by a project license granted by the
contain small subsets of high a nity cells that might be eggal UK Home O ce and were also approved by the Institutional
in early stages of the plasma cell di erentiation progref29).  Animal Ethics Committee Review Board at the University of
However, how models of bifurcation during selection in the L Oxford.
might t with a requirement for continued further maturatio
and expansion of the “best” clones is not known. Flow Cytometry
In this study, we investigated the context and timing of Blim  Single cell suspensions were generated using 70 omh00
1 expression by GC B cells. Our ndings indicate that the latge cell strainers (BD Pharmingen). Cells were treated with Fc-
“early” Blimp-1°" subset is one that has a DZ phenotype andreceptor blocking antibody (anti-CD16/32) and stained with
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uorophore coupled antibodies. In some cases, cells were xebtlase assigned by SeqTrace when no quality score was set for
and permeabilised with Cyto x/Cytoperm (BD Pharmingen) alignment. Sequences were assigned to variable (V), divers
before analysis. A list of antibodies can be foundTable S3 (D) and joining (J) gene segments using IgBla3g)( Only
For DNA content or intracellular staining, cells were sdhwith  sequences with “V-J” regions in frame and no early stop cedon
antibodies to surface antigens before x/perm. Perm stepewemere further analyzed and only somatic mutations at positions
usually performed overnight in 3-5 ml volumes. DAPI stainingwith a SeqTrace quality score of 30 or better were counted.
was performed at a concentration ofm®/ml DAPI that was Custom R scripts were used to assign mutations to quality
added just before analysis. Samples were measured or sorgambres and the FlowCore package (R package version 1.42.3) was
on BD LSR Fortessa X20, LSRII, FACSAria lllu ow cytometricused to combine ow data from the sort with mutation data
analysers. Live sort experiments were performed using 108®r 1(40).
uM nozzles. Data was analyzed using FlowJo software (Trge Sta

RNA Sequencing
Histology RNA libraries to sequence 100 cells were prepared using an
Tissues were xed in 4% PFA/PBS for 2 h aC4washed three or adapted Smart-seq2 protocoitd). Cells were sorted directly
more times and then transferred successively to 10, 20, 8% 3 into 8 m lysis mix. Reaction volume was doubled relative to
sucrose/PBS with 30 min incubation at each step except the laBicelli et al. from reverse transcription to pre-ampli cation to
which was overnight. Tissue was snap frozen in OCT embeddingid FACS stream alignment into 0.2 ml tubes. Normal volumes
medium (Thermo Scienti ¢). Thirty micrometer sections veer were used at all stages following the pre-ampli cation steps.
cut, dried and blocked (PBS with 0.3% TritonX100, 0.2% BS/Seventeen or eighteen cycles of PCR ampli cation were used
0.1% NaN3, and 3-5% relevant serums). GFP was detectiedl GC and follicular samples, respectively. cDNA puri cation
using a rabbit anti-GFP antibody followed by donkey antdloét ~ was performed using Ampure XP beads (Beckman Coulter)
AF488. A full list of the antibodies used is includedTable S3  at a sample:bead ratio of 1.7. Libraries were analyzed with a
Staining steps were performed fol2 h using the same blocking High Sensitivity Analyser (Agilent) and cDNA tagmentatioas
solution as is listed above. Slides were mounted in ProLongerformed with the Nextera XT DNA Sample Preparation kit
Diamond Anti-fade Mounting reagent (Life Tech.) and images(lllumina). Libraries were quanti ed using PicoGreen (llluna),
were taken with a Zeiss 780 Inverted or a Zeiss 780 Upright MBized using the High Sensitivity Analyser and equal amoufts o
confocal microscope using a 2Mil immersion objective. Imaris tagmented cDNA from each library were pooled. Sequencing
software (bitplane) was used for analysis and processindedidr  was performed on an lllumina NextSeq500 using FC-404-2005
stainings, the Click-iT Plus EdU Alexa Fluor 555 Imaging KitNextSeq 500/550 High Output Kits v2 (75 cycles).

(Life Tech) was used according to manufacturer's instarti For data analysis, adapters were trimmed with Trim Galore
The EdU stain was performed after blocking but before antibod (0.4.1) and reads were aligned with STAR (2.5.38) fo the
staining. Mus Musculusggenome build GRCm38/mm10. FeatureCounts
was used to generate reads per gefi®. (Further analysis was
Ighv Sequencing and Analysis performed in R using limma44) and EdgeR45, 46) according

Reverse transcription and PCR ampli cation were performedo published pipeline with minor adaptions4{). For name
according to a published protocoB{). Brie y, single cells were conversions between Entrez gene IDs and Gene Symbols the
sorted into a 96 well PCR plate with Il of capture buer Mus.Musculus package was used and if duplicated gene names
made up of 5ml RNAse-free water (Ambion), B 1M Tris  were present the rst occurrence was kept while the others
pH 8.0 (Gibco), 1251 RNasin (Promega) and frozen ail80 C.  were deleted. EdgeR functions were used to calculate kilobase
Reverse transcription after defrosting was performed usirgy thof transcript length per million mapped reads (RPKM), counts
Maxima cDNA Synthesis Kit (Thermo Fisher Scienti c). A mix per million (CPM) or log2-CPM. Genes expressed at 1 cpm or
containing 3m 5 bu er mix, 1.5m Maxima Enzyme mix and higher in at least 3 samples were kept for further analysis and
1.5m 5% IGEPAL (Sigma-Aldrich) was added. For a one step normalization for library size was performed. Unsupervised
pre-ampli cation of variable heavy chain regions, the MsVHEclustering was performed based on the thousand genes with
primer that is capable to amplify most heavy chain variantshe largest standard deviation between samples using limmas
combined with speci ¢ primers for IgG1, 1IgG2b, IgG2c, IgA, and“plotMDS” function and the rst two dimensions explaining
IgM isotypes was used. Successful ampli cation was con rmethe highest proportions of variation were plotted. Libraryesiz

on a diagnostic gel and B PCR product of ampli ed samples normalized log2-CPM data was precision weighted using limmas
were cleaned up for sequencing by adding ®I%Exol and 1 “voom” function. Then dierential expression was analyzed
m rSAP (New England Biolabs) for 15min at 7 followed using a linear model in limma and Benjamini-Hochberg (BH)
by 15min at 80C for heat inactivation. Samples were Sangeadjusted P-values were used to determine signi cance. For
sequenced with the MsVHE primer. SeqTrace (0.9.0) was usedhieatmaps, logtransformed mean RPKM values for biological
generate FASTA les from chromatogram3d]. In the program replicates were calculated and negative values were setdack t
the minimal con dence score to de ne a base was set to 3@ero before values were scaled and heatmaps were drawn with
and the ends were trimmed automatically until eight out afite the gplots package. Only a fraction of DZ and LZ signature genes
bases passed the quality score. Bases that failed the quality s from Victora et al. were used to draw corresponding heatmaps
in the trimmed sequence were assumed to be the most likelyt8). Genes were selected to have an adj. p-val. betweEt#RZ
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LZ"®9< 0.05 and had to be up in '®9vs. DZ"®9for LZ signature RESULTS

genes or up in D2%9vs. LZ2"®%or DZ signature genes. For the top T
di erentially expressed gene heatmap, only genes with anmdj.The Plasma Cell Master Regl'”ator Bllmp 1

< 0.05, a fold change 2.5 and a mean expressiors RPKM IS EXpressed at Low Levels by a Subset of

in at least one of the CD138GC populations were chosen. For Dark Zone Cells

expression scatter plots lpgransformed mean RPKM values To begin exploring the context in which GC B cells initiate

were calculated for biological replicates and negative egalu plasma cell di erentiation, we examined Blimp-1 expression by
were set to zero. For gene set enrichment analysis, GSEA (3®L B cells using a GFP transcriptional reporter mouse line
from the Broad Institute was used following the recommendedPrdm= heterozygous mice)1§). Mice were immunized

instructions @9). by i.p. injection with sheep red blood cells (SRBCs) and
) _ ) IgD'°" CD95" GL7 splenic GC B cells were gated on day 10
Single Cell Gene Expression Analysis (Figure 1A). GFP detection thresholds were set using GC B cells

Single cells were sorted into 96 well plates with ne-step mix  from GFP'edative(ned)yiid type (WT) mice. As expected.¢, 16,

for cDNA reverse transcription and speci ¢ gene ampli cation 23 28), small but distinct GC B cell subsets were Blimp-1-EFP
for target genesTable S3. The mix contained 2.81 1  Cells  inthe reporter mice Figure 1B). The uorescence intensities for
Direct Reaction Mix from the Cells Direct One-Step qRT-PCRindividual cells di ered over the range of approximately onelan
kit (Life Tech.), 0.05n SUPERase-In RNase Inhibitor (Ambion), a half to two logs, presumably re ecting di erences in duratio
0.6 M RT-Tag mix, 0.6m Tris-EDTA (TE) (Life Tech.) and that the gene had been expressed for and the specic stage
200 nM primers. The cDNA was pre-ampli ed in 22 cycles andof the di erentiation process 15, 16). The plasma cell marker
diluted to 25m volume with Tris-EDTA. For quantitative PCR CD138 (syndecan-1) was mostly restricted to cells with highe
1.8m sample were prepared and loaded/run on a Biomark 192.2&FP levelsKigures 1B,J. Back-gating revealed CD138limp-
Dynamic Array IFC (Fluidigm) according to manufacturer's 1-GFP"9M cells as having slightly lower GL7 levels relative to
instructions using TagMan Universal PCR Master Mix (2X) (Lifethe total GC B cell population, as might be expected for later
Technologies). BioMark Real-Time PCR Analysis Software andi erentiation stages Figure S1A. Therefore, IgIi¥¥ CD95°

R were used for analysis. Cells that expressed fewer thar240 of GL7® GC B cell gates contain cells at di erent phases of plasma
analyzed genes (not all shown) were discarded from analgsis eell commitment, and the combination of Blimp-1 and CD138
assumed the reaction low quality (Ct cut-o value of 30). Eor  detection/staining provided a means to gate likely “earipid’’
expression analysis Bax5 Aicda andPrdmlcells were counted and “late” expressing cells.

as positive for a gene if they gave a Ct value 25. GC B cells undergo SHM and cellular division in the DZ

. B state before transitioning to their LZ phase for selectidn (
Single Cell and Small Population “Nojima” 3). DZ and LZ cells are distinguished by their di erential
Cultures expression of the transmembrane proteins CXCR4, CD83, and

Single cells “Nojima’ cultures were performed as previouseD86, with the former subset being CXCF#, CD83,
described with only minor modi cations §0). Briey, NB21 and CD8&Y (4, 5, 48. We therefore compared staining
feeder cells were seeded at a density of 1,500 cells per watterns for these proteins on Blimp-1-GF® and Blimp-
into a at bottom 96 well plate the day before sorting in 1001-GFF* GC B cells Figures 1D,5. Models in which cells

ul medium. The following morning, a further 100 ul medium bifurcate to begin expressing Blimp-1 immediately following
was added with IL-4 (Peprotech) to provide nal concentrationselection as an alternative to cyclic re-entry predict thesirty”

of 2ng/ml. Culture medium was the same as in the publishe€D138°9 Blimp-1-GFF'™ GC B cells should mostly have a
protocol except the FBS was from Life Tech (Cat. 10500058)Z phenotype. However, GC B populations with this “early”
Cells were sorted directly into culture wells and incubaie87 C ~ phenotype were only modestly enriched for CxdaacDssF

and 5% CQ. In these experiments, GC B cells were sorted usingZ cells (31 vs. 19% among Blimp-1-GEPcells). Instead,
an alternative gating scheme (B£2GD38° IgD'°% GL7) to  the majority (56%) of these cells had a CXC®% CD83w
avoid using antibodies against the death receptor, CD95mFroDZ phenotype Figures 1F,G. Similar ndings were made
day 2, culture media volume was increased to 300 ul and halsing CXCR4 vs. CD86 LZ/DZ gating schemé&sg(re S1B.
volume was replaced daily without additional IL-4. Cells werdnterestingly, within “mid” CD138°9 Blimp-1-GFp=bright
harvested on day 9 and stained with CD19 and CD138 antibodieand “late” CD138 Blimp-1-GFP"9" gated populations, the
before xation (4% PFA) and FACS analysis. Cell numbers weréiequencies of DZ phenotype cells was lower but this was mostly
calculated by adding 123 count eBeads (eBioscience) aitibe t @ result of there being increased frequencies of cells that fa
of facs staining. Conditions were the same for 500 cell cedtu outside of classical LZ/DZ gates (referred to as “Md&rin
except that analysis was performed at 48 h and no xation wakigure 1).

performed. Due to concerns that reducerdm1 transcript abundance
in heterozygous gene targeted mice may impact di erentiation
Statistical Analysis kinetics, we performed similar experiments using Blimp-1-

Statistical analysis was performed using Prism 7 (GraphPad)Venus and Blimp-1-YFP BAC transgenic reporter mouse
except for RNA sequencing described above. Statisticaltests lines (L6, 36) (Figures S1C—J. However, as in thé’rdml’“zgfp
are given in gure legends. animals, the majority of “early” CD1389 Blimp-19™ GC B
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FIGURE 1 | A BIimp-l-GFFﬁim population is found in the germinal center dark zonePrdm1"Wt=9P mice were analyzed by FACs at day 10 after SRBC immunization.
(A) Splenic GC B cells were gated as B226 IgD'OWCDQSCGL7C. (B) Pre-plasma cell differentiation stages were de ned based upn Blimp-1-GFP and CD138 levels.
The dashed line marks the detection threshold for GFP cells. (C) Quanti cation of populations de ned in (B) using the same color code.(D) Frequencies of LZ
(CXCR4oW cp83ighy and Dz (CXCRA19" cD83'OW) cells among Blimp-1-GFP€Y and Blimp-1-GFPPOS GC B cells. A further gate is shown around cells falling
outside of DZ/LZ gates (CXCR¥PW=€d and CD83oW=ed) (E) Summary of results as in(D), from multiple mice and experiments(F) DZ/LZ frequencies were
determined for the different differentiation stages de nedn (B). (G) Summary of results as in(F), from multiple mice and experiments(H) CXCR4 vs. Blimp-1-GFP on
total GC B cells. (I) Confocal image of a splenic GC in which BIimp—l—GF§ cells are identi ed and marked by arrows, with colors indicahg their position. CD21/35
demarcates the LZ.(J) Confocal image in which BIimp-l-GFI9 cells with high intra-IgG levels are highlighted by orange céangles. (K) Mutation frequency per 100bp
of Ighv sequence was determined for the indicated populations I-V. Bsults for follicular B cells (IgB*9 CD95"€Y GL7"€9) and plasma cells (B228" Blimp-1-GFPPright
€D138%) are also shown. Plots in(A,B,D,F) and (H) are representative of at least 7 mice from 3 experiments. Nubers shown are percent in gates, S.D.. For
confocal images, varying numbers of GFP cells were detected per GC. GC localized Blimp-1-GFP cells were detected in 11 separate mice from 2 experimentgl)
or 7 mice from 3 experiments(J). Data in H is from two independent experiments but populatino V was only included in one.

cells in the BAC transgenic lines had a DZ phenotype (62%phrinBI°) (Figures S11,J, con rming that these observations
in Blimp-1-mVenus mice, 66% in Blimp-1-YFP mice). GC Bwere not speci c to a speci ¢c immunization, to the spleen, or to
cells from the GFP (gene targeted) and BAC transgenic mousesingle GC marker.

lines did seemingly dier in terms of their CXCR4 levels on We next made e orts to understand where Blimp-1 is
“later” (reporter bright) cells, however, for unknown reaso expressed by GC B celitssitu. Splenic sections from immunized
CXCR4 levels were intermediate/high on mVe$8YYFPight  prdm=8 mice were immuno-stained and examined by
GC B cells but were low on equivalent populations in theconfocal microscopy. GC LZs and DZs were distinguished by
GFP gene targetted animal&igure 1H and Figures S1D,f.  the presence or absence of FDC associated CD2EIg&re 11)
Importantly, a correlation between low Blimp-1-GFP leveldan or IgG (immune complex) stainingRigure 1J). Comparisons
DZ phenotype also held up in the context of an antiviral (H3N2,to control sections from WT mice con rmed the speci city of
HKx/31 in uenza A) GC response in a di erent lymphoid tissue the anti-GFP stain Kigure 11). GFP levels in the “early” GC
(mediastinal lymph nodesHgures S1G,H, and using di erent  subsets of interest are very low and this impeded e orts to
GC gating schemes (Igt¥ CD95° PNAC and IgD°" CD95°  perform a careful quantitative analysis, however Blimp- P&
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cells were found in both zones as expected from the FACED13& Blimp-1-GFP"9" plasma cells was also sequenced, for
Blimp-1-GFP"9t cells were commonly, but not exclusively, comparison.
found to be within the network of FDCs that demarcate the Multi-dimensional clustering analysis identied all the
LZ, or at the very far base of the DZ, consistent with previousCD138°9 Blimpl-GFP expressing GC B cell populations
reports @8 29, 51). Cells at the base of the GC were often sqBlimp-1-GFF™ and Blimp-1-GFP=right cells, with both
“deep” that it was not possible to de nitively determine whethe LZ and DZ surface phenotypes) as being more closely
they were in or just outside the GC perimeter. Regardless otlated to Blimp-1-GFF®9 GC B cells than they were to
their site, Blimp-1-GFP9" cells commonly contained large terminally di erentiated plasma cells, con rming their “early”
quantities of intracellular 1gG, further con rming that &y are and “mid” di erentiation statusesKigure 2A). Consistent with
at a late di erentiation stageRigure 1J. Individual GCs di ered  their “later” phenotype, CD138 Blimp-1-GFP"19M gated cells
in the number of Blimp-1-GFP cells they contained (panel of fell somewhere between GC B and plasma cells in this
examples show iRigure S1K), however whether thisre ectstrue analysis.
heterogeneity in plasma cell output, or instead re ects sangplin ~ Despite their having initiated expression of the plasma cell
noise, was not clear. master regulator, DZ and LZ CD13% Blimp-1-GFP'™ GC
As a nal eort to validate that we were analyzing true B cells still expressed various important GC regulating genes
GC derived cells in our FACs experiments, single cells wersuch asBcl6, Aicda and Slpr2at levels similar to that of
sorted and theirlghv region genes PCR ampli ed, sequencedtheir Blimp-1-GFP¢9 counterparts Figure 2B and Table S).
and compared to their predicted unmutated common ancestor§urthermore, these cells showed only modest evidence of
(37). For feasibility issues, Blimp-l-expressing GC B cehaving started downregulating expression of the B cell lireag
populations were divided into just dim and bright subsetsde ning genesPax5 and Bach2that are known targets for
in these experiments. Consistent with their proposed originBlimp-1 mediated repressiorb®). Pax5 and Bach2 transcript
most Blimp-1-GFB™ (subset 1I) and GFP9" (subset I1ll) reductions were also only marginal in CD188 Blimp-1-
GC B cells carried somatic mutation loads that were similaGFP"="19"t GC cells, with larger decreases being evident
to that of their non-Blimp-1 expressing counterparts (subsebnly at the CD138 Blimp-1-GFP9"t stage. Surprisinglyrf4
I) (Figure 1K). Interestingly, Igi®" CD95° cells that were mRNA levels were not raised at the “early” CD1%8Blimp-
Blimp-1-GFP"9M but had low or negligible GL7 levels (subsetl-GFP™ stages, despite its high and sustained levels being
IV) also carried GC-like somatic mutations loads, indiogti one way that plasma cell di erentiation is promoteHigure 2B
that they are GC or post GC cells in the process of reducingnd Figure S2A (54). However, Irf4 transcripts were more
their GL7 levels. In contrast, Ig®¥ CD95° GL7"€9 Blimp-1- abundant by the time cells reached the CD?8¥8Blimp-1-
GFPIm B cells (subset V) and B220CD13& Blimpl-GFF  GFP"™right stage (2 and 7-fold in LZ and DZ, respectively),
plasma cells mostly were not somatically mutated. Thereforand they were further increased in CDI38limp-1-GFPright
the former population probably represents cells engaged in theells (2.5 and 6-fold further). Single cell RT-PCR analysis
extrafollicular response and the latter subset mostly dasta conrmed mRNAs encodingPrdml1, Paxband Aicda were
cells that developed early in the response or via that sanmesent in the same cells, ruling out concerns we had about
route. possible pooling e ects Higure 2Q). Despite these results,
In summary, Blimp-1 is expressed at a range of levels in thgene set enrichment analysis (GSEA), comparing to a dataset
GC. CD138¢9 Blimp-1-GFPM cells are found in both zonal of genes that are Blimp-1 bound and regulated iin vitro
subsets, but the majority of these “early” Blimp-1 expressgily generated pre-plasma blastl), provided evidence that Blimp-

have a DZ phenotype. 1 protein was probably present and active already even in
CD138°9 Blimp-1-GFF'™ cells Figure 2D). Genes from both
. . KR Blimp-1 regulated and antibody secreting cell (ASC) assediat
Dark Zone Cells Wlth L_OW Bllmp 1-GFP genesets5(), however, showed far greater expression changes
Level_s Have Transcr_|pt|onal Signatures at the “late” CD138 Blimp-1-GFP"9M stage Figures 2E,Fand
Consistent With Their Phenotype Table S).

We extended our investigations of Blimp-1 expression in We next interrogated the RNA-seq datasets for evidence as
the GC beyond correlations with cell surface markers. Weo whether similarities between Blimp-1-expressing and non-
were conscious that plasma cells, like DZ cells, depend upa@xpressing “DZ” cells extended beyond just surface markers.
CXCR4 for their proper positioning52), and that they may Expression of DZ signature genes, (48) was remarkably
downregulate CD83 and CD86 as they di erentiate, which couldsimilar in CD138¢9 Blimp-1-GFFI™ and Blimp-1-GFPed DZ

lead to the former being assigned as the latter. Thereftwe, t populations, indicating that shared transcriptional programs
transcriptomes of DZ and LZ GC B cells expressing the Blimpwere in place Figure 2G and Table S). For example, cells
1-GFP reporter were determined. Cells were FACS sorted usirig both populations expressed cell cycle related genes (e.g.
the gates described rigures 1B,F with the exception that the Ccnd3, Aurka, Cdkn3 DNA editing genes (e.gAicda, Polh,
“late” CD13§ Blimp-1-GFP"9" population was not subdivided Lig4, Dnasél and transcription regulating genes (e.foxP1,
using LZ/DZ markers. RNA sequencing (RNA-seq) librariesTcf3 at levels above that of LZ cells. Continued expression
were prepared from 100 cell samples using the “smart-seq@f many DZ signature genes was evident even in “mid”
protocol (41). mRNA from follicular B cells and B220 GL7"®9  CD138*9 Blimp1-GFP"=1i8ht cells, andAicdatranscripts were
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FIGURE 2 | RNA-seq analysis reveals Blimp-1 is expressed by GC B cellshile they still retain dark zone and light zone signatures.r@ hundred cell populations
were sorted according to the gating scheme presented irFigures 1A-D but with slightly increased stringency on the LZ/DZ gates to esure purity. Their
transcriptomes were determined by RNA-seq. Sample names hae been shortened, e.g., DZ CD138¢9 BIimp—l—GFPdim cells are referred to as DZIM in the gure.
(A) A multidimensional scaling plot showing differences betwen samples based on top 1,000 genes with the largest standardieviations between samples(B) log2
RPKM values for various important B cell lineage, GC regulag or plasma cell associated genes(C) Single cell RT-PCR was performed on index-sorted GC B cellot
con rm co-expression of the indicated genes (colored accordng to legend). Cells not co-expressing at least two of the ilicated genes @icda, Pax5, Prdml) are
depicted in black. CXCR4 and GFP protein intensities are atsindicated on the x and y axis.(D) Gene set enrichment analysis (GSEA) of Blimp-1 activated &limp-1
repressed gene sets comparing DAM and DZ"Y cells. The nominalp-values (p) and FDRy-values (FDR) are given(E) Relative expression levels of Blimp-1 directly
activated genes. (F) Changes in ASC-related gene expression sorted by log2 folditference relative to Blimp-1-GFP®Y DZ cells. Frequencies represent percent of
ASC-genes that are increased in the indicated subset(G) Differences in DZ-associated genes. Genes discussed in t&xare shown in red.(H) The top 10 most
up-regulated and 10 down-regulated genes between LZ vs. any.Z-like Blimp-1-GFF® population and DZ vs. any DZ-like Blimp-1-GFF population. Additional genes
of interest were added to the list (depicted in red). RNAseq as performed using 5 biological replicates (mice) per groupxcept for follicular B cells where 3 were
used. Means are shown in(E,G,H).

still detected even in the “late” CD188Blimp-1-GFP"9"  that was very similar to its non-Blimp-1 expressing countetpar
subset (albeit an approx. 4-fold and 2-fold reduced levelikela (Figure 2GandFigure S2A. Consequently, Blimp-1is expressed
to in DZ and LZ Blimp-1-GFP®9 cells, respectively). The at low levels in DZ and LZ cells at times when they
detection in Blimpl-expressing cells of mMRNAs encoding DNAretain mRNAs encoding important GC and subset regulating
editing genes was surprising as it raises the possibility afenes.

continued SHM after Blimp-1 expression, however regulation A further goal of the RNA-seq experiments was to identify
of the SHM machinery may occur in a post-transcriptionaltranscriptional changes occurring early after Blimpl-expi@s
manner at this phase. Importantly, Blimp-1l-expressing DZin GC B cells. We therefore compiled a list of the top 10 genes
cells, in contrast to LZ-like populations, contained DZ-like whose expressionwas increased or decreased in “early” C£9$138
levels of most LZ signature5(48 mRNAs such asFcer2a, Blimp-1-GFP'™M and “mid” CD138"®9 Blimp-1-GFpt=right pz
Cd40, Nfkbia, and GprB3(Figure S2A. The “early” Blimp- populations, relative to their non-GFP expressing counterparts
1 expressing LZ subset also displayed a transcriptional pro IéFigure 2H). Similar comparisons for the LZ subsets were
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also performed, with the resulting heat map showing gen®ark Zone GC B Cells Retain the Capacity

expression patterns for all populations. In addition, we idatti  for Extensive Clonal Expansion After
genes whose expression was changed already in the “ear]\it: o+ A ;
Blimp1-expressing subsets (CDI$8Blimp-1-GFP™ cells) and |Y1|t|at|ng Blimp-1 Expression
maintained in CD138%9 Blimp-1-GFP"=right ce|ls. Of 53 genes
identi ed as being di erentially expressed in CD188 Blimp-1-
GFPIm D7 cells, 47 remained changed in the CD&¥8BIlimp-
1-GFP0right gyhset. In LZ cells, 57 of the genes that di ered in
CD138°9 Blimp1-GFPM cells also were changed in CD188
Blimp-1-GFP"=right cells Figure S2B. Surprisingly, of the 104
di erentially expressed genes identi ed by this analysis,yo@l
were shared between the DZ and the LZ subsets.

In summary, these ndings con rm that subsets of bona- de
DZ and LZ cells express low levels of the plasma cell mast
regulator Blimp-1, but that most plasma cell associated ge
expression changes occur only at later stages of pre-plasma (fﬁ)!b
development.

The nding that Blimp-1 expression occurs concordantly with
cellular division in DZ cells led us to next ask whether Blimp-
1¢ GC B cells are all committed to quickly dierentiate
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
Ba expressing “NB21” feeder cells (in the presence of
8§<ogenous IL-4), followed bin vitro incubation for 9 days.
performing indexed FACS sorts (where staining pro le
rmation is retained for each cell/well), we were able to
correlate proliferative potential to the phenotype of cells at the
time of plating.

Rapid Proliferation Associated With Cultures seeded from single B cells were enumerated to

. . determine population sizes, with “NB21 cell only” wells being
Blimp-1 Expression by Dark Zone Cells . .
. ; ; hresholds. A , th h
The nding that Blimp-1 may be expressed in DZ GC Bused to set detection thresholds. As expected, this approash wa

. . . . highly e cient for cloning follicular B cells, and moderatelyps
cells raised the question of whether clonal expansion coetn for non-Blimp-1 expressing GC B cells (62 and 11%, respectively)

during or after its expression is initiated. Extrafollicular Figure 4A). Surprisingly, the cloning e ciency was similar
antibody responses involve periods of pre-plasmablast and/é&r BIimp-i-GFP“eg and élimp-l-GFPim GC B cells (11 vs

plasmablast proliferation5g), but whether similar events occur 896), and the population sizes established were approximately

in established GCs has not been investigated. Splenocy?ﬁ% same. Therefore, GC B cells expressing Blimp-1 at low

fm:t] mmvblnlzzdfrr?nr?nl”d b ngF\:\Iler? i)r(lfnd arjrdhithelrr DNdA ; levels have not yet reached a di erentiation stage that pressud
content was dete ed by staning. This procedu esigni cant clonal expansion. In contrast, we failed usingsthi
caused signi cant losses in GFP uorescence intensities th

. e
- mmest L assay to expand GC B cells that were Blimp-1-t3FH9

lﬁd the Blimp-1 GFF:_II bl cetlls_éo il_ppear” B“nj[ﬁ 1-GPPS, ‘2% of cells cloned), indicating that they are probably alyea

GolxeYﬁt;rﬁiigeé?gjré 32) eA Zr:eaetZrlf%/re%el‘Jjnx OfaD?r;%isocommitted to terminal di erentiation. Similar ndings of no
, g - h hen * " pl lls (@9B220™
(Blimp-1-GFP€9) were actively dividing than were LZ cells growth were made when ‘mature” plasma cells (SEB220

(24 vs. 17%), as expecteigures 3A.B (4, 5). Surprisingly. CD13¢ Blimp-1-GFF) were cultured, as expected. A negative

the frequency of proliferating DZ cells was even higher forcorrelation existed between the intensity of the Blimp-1FGF
the Blimp-1-GFP™ subset (42 vs. 24% for Blimp-1GEP signal at the time of sorting and the potential of GC B cells for

. . e clonal expansion in this assaligure 4B) (Chi-square testp D

mp-1- eg ; - e
DZ and Blimp-1-GFP®Y Dz, re;pectlvely)_, indicating that 0.0014 comparing Blimp-1-GEP with Blimp-1-GEp=brighty
these are among the most active cells in terms of cellul

A o . L a}&Ithough a positive cloning result in this assay does not prove
division. Similar ndings were made using just CXCR4 4 cell can or will proliferatén vivoin the GC, these ndings do

gate DZ cells Kigure S3A, and when the analysis was . t . that Bimp-1 i t low level
performed at very early (day 6) or late (day 16) stages (ﬁrowde strong evidence that Blimp-1 is expressed at low levels

the response Higures S3B,E. An inverse correlation existed cgpigtffgre fILSrt\;]Vgr glztnglegiszzgg:znlTnmedlately impairing thei

between GFP orescence intensity levels and the likelihobd

a cell undergoing division, consistent with Blimp-1-GE@t .

cells representing later di erentiation stageigures 3A,Band  1th Cells Are Not Acutely Required for

Figure S3A. The presence of proliferating Blimp-1-GERells  Blimp-1 Expression by GC B Cells

within GC structures was con rmed through immunostaining To directly test whether { cells drive Blimp-1 expression

and confocal microscopy of splenic sections from miceas an alternative fate to cyclic re-entry, we established an

that received EdU during the preceding 5Fkigure 3C and  experimental system in which antigen-specic T cells could

Figure S3D. We unfortunately failed, however, to perform be acutely ablated at de ned periods after GCs had formed.

a more quantitativein situ analysis because GFP detectionRagl~ or TCRb/d = mice were lethally irradiated and

sensitivity was seemingly negatively impacted by developmereconstituted with mixes of bone marrow (BM) frolRagl ~

steps for EdU analysis. OT-Il mice and from CD4-Cr& Rosa26-loxP-stp-loxP-DTR
These results demonstrate that Blimp-1 expression is inducedrdm®9 animals, at ratios of 90:10 Figure 5A). In the

during, or maintained by, DZ GC B cells during periods ofresulting bone marrow chimeric animals, all CBA cells that

proliferation. are capable of responding to SRBC immunization express the

Frontiers in Immunology | www.frontiersin.org 8 January 2019 | Volume 9 | Article 3106



Radtke and Bannard Blimp-1 Expression in Dark Zone

FIGURE 3 | Blimp-1 is expressed at low levels during periods of prolifation. (A) DNA content based cell cycle analysis was performed on the @ficated splenic GC
subsets from Prdm1%t=9P mice on day 10 following SRBC immunization (left). Frequegianeans ( 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 BIimp—iC—:-FPC GC B cells (left). Mice received single
i.p. injections of EdU 5 h before analysis. BIimp-l-GF‘iﬁEdUC cells in the GC area are highlighted by orange rectangles arafe shown in magni cation with or without
the EdU channel on. APrdm1V™W! non-EdU treated control sample is also shown (right). F(B) a Kruskal-Wallis test with Dunn's test was performedr(D 7; pooled
from 3 independent experiments). Horizontal lines indicatmeans *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 speci ¢ populations at the 72 h time pointgures 5E,§. Furthermore,
and temporal ablation by delivery of diphtheria toxin (DT). &h the full range of “early,” “mid,” and “late” (CD1389 Blimp-1-
co-transfer ofRagl~= OT-ll BM cells provides a source of GFPI™ CD138¢9 Blimp-1-GFP"=right and CD13§ Blimp-
“irrelevant” non-ablatable hen egg ovalbumin-specic Cb#  1-GFP"19M) subsets were present, albeit at slightly reduced
cells that will not respond to the immunizing antigen, andals frequencies for “early” and “mid” stages (1.3and 1.9
prevents the complete depletion of CD4-expressing non-T ceteduced, respectively). The least aected Blimp-1-8GFGC
lineages such as dendritic cells. Importantly, all B cellshin  subset was the “latest’” CD1%8Blimp-1-GFPMaht stage,
resulting chimeric animals carry therdm2™ allele but do not which was reduced numerically but not in frequency. While
express DTR. these experiments using complex BM settings su ered from
Cohorts of mixed BM chimeric mice were immunized signi cant experiment to experiment variation in terms of
with SRBCs and treated with DT at 24 or 72h before tissuéotal Blimp-1-GFF frequencies, similar results in terms of
harvest on days 11 or 12Figure 5A). An analysis of the patterns of changes were noted in all experiments performed
frequency of splenic CXCRE" PD1MA" Ty cell frequencies (Figures S4A,B. Furthermore, blocking CD40-CD40L signaling
conrmed DT mediated T cell ablation was fast and e cient, through delivery of the MR-1 anti-CD40L monoclonal antibody
with 48- and 109-fold decreases at the 24 and 72h timkad to similar e ects in terms reductions in GC B cell
points (Figures 5B,3. GC B cells were still present even 72 hsize and frequencies of Blimp-1-GEPsubsets (but with
after DT treatment, but at reduced frequencidsigure 5D).  Blimp-1-GFP still detectable in appreciable fractions of cells)
Strikingly, despite the near complete absence of cognaf€igures S4B—D).
T cells for at least 2 days, Blimp-1-GFP expression was To try to gain further insight into how cues provided by
still detected in appreciable frequencies of the GC B cell cells may impact GC to pre-plasma cell di erentiation, the
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FIGURE 4 | GC B cells expressing low Blimp-1 levels retain potential feextensive clonal expansion(A) Single splenic GC B cells (8226 1gD°% cD38"9 GL7C)
from Prdm1Wt=9fP mice were index sorted on day 10 after SRBC immunization anduitured ex vivo using the “Nojima culture” method in 96 well plates. Follidar B
cells (B220° 1gDC CcD38C GL7"Y) and plasma cells (B228" cD138C Blimp-1-GFP*19Mt) were also sorted, for comparison(A) Clonal culture sizes were
determined on culture day 9. Solid lines indicate means. Ddeed lines indicate the detection limit set according to NB2Xeeder cell only wells(B) Cell numbers
recovered after culture were plotted against Blimp-1-GFPRelel at time of the sort (index FACs data). Vertical dasheads indicate the detection limit. Blimp-1-GFP
detection threshold (horizontal dashed line) was set basedn a GFP'®9 control. GFP intensities gates ir(A) were set according to the color code in(B). Pooled data
from two independent experiments are shown.

transcriptomes of “mid” CD13%9 Blimp-1-GFP"="19ht and  Dark Zone Cells Expressing Blimp-1 at

“late” CD13§ Blimp-1-GFP"9" cells, from mice that did ordid | ow Levels Can Reverse Expression  ex
not receive DT treatment 72 h earlier, were determmed by RNAViVO but May Be Sensitized for Acquiring
seq. We focused on these subsets because they displaye@stro cell Ch teristi

ASC-like gene expression signatures in earlier experimens"ism_a € aracegerl_s ICS i

(Figure 2). Consistent with CD13%9 subsets being the most 'N€ ndings that CD138% Blimp-1-GFP'™ GC B cells have
impacted in terms of population frequency decreases after Dff@nscriptional signatures very close to that of non-Blimp-1-
treatment Figures 5E,§, the CD138°9 Blimp-1-GFPt=bright  €Xpressing GC B cells, and that they retained a capacity for

subset was also the most aected in terms of numbers ofXtensive proliferatiorex vivo,raised the possibility that these
genes whose expression was dierent after DT treatmeﬁiearly", cells may not yet be fully committe.d to become antipod
(Figure S4Eand Table S3. More speci cally, the expression of secretmg. cells. W(? therefore wished to dlrectly test wklethc .
many ASC-associated and Blimp-1 activated genes were eduda cells vy|th low Bllmp-_l Ieve_Is Fjemonstr_ate di erences in their
in this subset when T cells were ablated, suggesting that thdroPensity for further di erentiation. To this end, we again use

di erentiation may be delayed or stuntecFigures 5G,Hand the “N_OJlma culture” protocpl, but this time used it to support
Table S3. The opposite trend was seen for the CD$38ubset and stlmula}te small populaﬂops of GC B cells over 2 daygwo '
where expression of Blimp-1-activated and ASC-associatezsge culture perlods. These experlmgnts were performed uslngf mice
was seemingly increased in mice that received DT. This mag<Pressing @cl2transgene §7), in addition to the Prdm®P

re ect that GC B cells less frequently reach this stage wheels allele, in order to enhance cell survival. Population sizeS06f

are not present, and as such this gate becomes enriched for & cglls were chosen as a compromise 'betweerj feasibility of FACS
that have been di erentiating and accumulating in the gate fo sorting very rare subsets and recovering su cient cell numsbe

longer time periods. for analysis at day 2. . .

Together, these ndings indicate that T cell derived ségect N cultures where B cells did not express Blimp-1-GFP at
cues are not acutely needed for Blimp-1 expression by GC € time of plating, most cells remained GFP at the time
cells, but that T cells promote normal numbers of BIimp-l-O‘c anal_yS|s, with qnly 3.8% (LZ) and 5.9% (DZ) of the cells
expressing GC B cells. The observed changes in gene expresd8fioming GFP (Figures 6A,B. As expected, cultured plasma
of Blimp-1 expressing cells from DT treated animals suggsts t €IS mostly remained Blimp-1-GFRand CD138". Somewhat

possibility that T cells may also promote late stages of theR@e- surprisingly, many of the CD1389 Blimp-1-GFP'™ cells _(bOth
di erentiation program. 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 upo cues from T cells.(A) Strategy for the temporal ablation of antigen speci c T cellgluring
an ongoing response. Lethally irradiatedRagl = or TCRb/d = mice were reconstituted with the indicated mixes of bone maow, then immunized with SRBCs> 8
weeks later. Mice received single i.p. injections of diphtria toxin (DT) 72 or 24 h before analysis on days 11 or 12B) CXCRS® PD-1€ Tiy cells were identi ed, with
and without 24 h DT treatment. Plots are gated on splenic B220°9 CD4C cells and are from individual representative animal$éC) Frequencies of Tth cells (as a
proportion of splenocytes) and,(D) frequencies of GC B cells (as a proportion of total B cells),tahe indicated time points post-DT treatment.(E) Representative
CD138 vs. Blimp-1-GFP staining patterns on IgBW CcD95C€ GL7C 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 pagations from mice with and without DT treatment (72 hXG) Changes in
expression of ASC-related and(H) Blimp-1 activated genes in indicated GC B cell populations ere determined and sorted by log2 fold differences in DT tréad vs.
control mice. Numbers indicate the proportion and directia of ASC or Blimp-1 regulated genes that are changed in treattmice. For(C)no DTn D 38, 24h DTn D
10 or 72h DT n D 24 mice. For all populations of(D,F) n D 24 mice from 5 independent experiments. FoC,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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FIGURE 6 | “Early” CD138"¢9 BIimp—l—GFF’jim cells may be primed to become plasma cells but the differerdtion program is not yet hard set.(A) Bcl2—tgc
Prdm1Wt=9P mice were immunized with SRBCs and the indicated splenic GC Bell populations (CD38€9 IgD"€9 GL7C) were sorted on day 10 (500 cells/condition).
CD138"€9 Blimp-1-GFPYM and LZ/DZ gates were set using the scheme outlined iffigures 1B,D , but with slightly increased stringency to ensure purity. @llicular B
cells (IgE¥ CD38C GL7M8Y) and plasma cells (B226" cD138C Blimp-1-GFPXM9Nty were also sorted, for comparison(A) Sorted cells were cultured under “Nojima”
conditions for 48 h, before analysis for Blimp-1-GFP and CDA8 expression. Numbers indicate the frequencies of cells wibh were positive or negative for the
respective markers.(B) Data from multiple experiments are summarized. Dot colorefate to titles on left. Data is pooled from 4 independent exg@riments with one
animal sorted per experiment. A one-way ANOVA with Dunnesttest was performed *P < 0.01; ***P < 0.001.

time of analysis, indicating that Blimp-1 expression had beeulrive their di erentiation toward a plasma cell fate. Considten
reversed and that terminal plasma cell commitment was nowith recent ndings from Kréautler et al. 8), we report that
yet hard set. Whether this might be the explanation for whyBlimp-1 is expressed at low levels by a subset of LZ cells.
CD138"9 Blimp-1-GFF™ cells and non-Blimp-1 expressing More surprising, however, was the result that the largest ef th
cells expanded equivalently well in the 9 day single egll “early” CD138¢9 Blimp-1-GFP'™ subsets was one with a DZ
vivo assays Kigure 4), or whether instead this resulted from phenotype. A trivial explanation for these results might have
continued expansion by cells that maintained Blimp-1 expmssi been that these cells increased their CXCR4 levels, andadecte
but are not yet fully di erentiated, is not clear. Despite Bpm surface CD83 and CD86 abundance, as a consequence of them
1 reversion by some cells, however, CDE8®limp-1-GFP™  becoming plasma cells rather than because they were bona
populations did seemingly also contain within them cells thatde DZ cells. However, this conclusion was not supported by
displayed evidence of being primed or sensitized for plasm@anscriptome analysis that we performed. Moreover, while GC
cell di erentiation, because just over one quarter of thelscel cells mostly exit cell cycle before entering the LZ, the biemaf
remained GFP (27.1% for DZ cells and 27.3% for LZ), and Blimp-1-expressing DZ cells was similar to that of their Blimp-
small frequencies upregulated CD138 (8.2% for DZ cells ant®? counterparts in that they were rapidly dividing. Therefore,
8.5% for LZ). CD138 levels on cultured GC B cells were lowaBlimp-1 is expressed at low levels by proliferating cells ertjage
than on cultured plasma cells, however its expression wasthe GC DZ program.
mostly restricted to Blimp-1-GRIPI"e cells supporting it being An association between proliferation and Blimp-1 induction
di erentiation associated. We also performed ELISA assays dmas been recognized in other settings for many years. After
the culture supernatants to ask whether antibody secretiat h mitogenic stimulationin vitro, as well as during plasmablast
occurred, however results from these experiments werehlaria di erentiation in vivo, cells undergo plasma cell di erentiation
and as such inconclusive (not shown). only after completing multiple cell divisions5&-60). It was
Together, these results indicate that CD1%¥8Blimp-1- not possible for us to conclusively determine whether Blimp-
GFPIm GC B cell populations are not yet committed to 1 expression was induced in, rather than maintained by, DZ
irreversible Blimp-1 expression but that they may contairhivit  cells, however our results do indicate an association tetwe
them cells that may be primed or sensitized to acquire furtheBlimp-1 transcription and a highly proliferative state. High

PC-associated characteristics. a nity LZ cells receive cues that lead them to divide fasteda
more times upon returning to the DZ1(1, 12), therefore the
DISCUSSION same cues that drive this proliferation might indirectly sau

some daughter cells to acquire Blimp-1 competence. Such a
We investigated the context in which Blimp-1 is expressed by G@athway could contribute to the preferential development of
B cells with the goal of better understanding the processas thhigher a nity plasma cells. Interestingly, CD40L and IL-Zdgth

Frontiers in Immunology | www.frontiersin.org 12 January 2019 | Volume 9 | Article 3106



Radtke and Bannard Blimp-1 Expression in Dark Zone

of which are likely contributing inputs in terms of determimg  setting, and as such it is not clear whether similar reversion
proliferation rates and numbers of division cycles by GC Bscel occurs in GCs, these results do indicate that the plasma cell
also have strong links to plasma cell di erentiatidti( 61). Such  di erentiation program is not yet hard set in these cells. Despite
a model might also help explain why, in experiments where T cethe Blimp-1 reversion by some cells, however, other cells from
help is strongly augmented using a DEC205 scavenger receptbe same culture wells maintained Blimp-1 expression and
mediated peptide loading protocadb), plasma cell development acquired another plasma characteristic by upregulating GD13
is enhanced without reducing GC patrticipation. Therefore, we speculate that low Blimp-1 expression in the GC
How then might single selected GC B cells, after entering thenay mark cells (or populations containing cells) that are not
DZ, generate Blimp<4 and Blimp-1"®9 progeny? Continuous yet committed to PC di erentiation, but are competent to do
live cell imaging and mathematical modeling approaches haw.
suggested that disparate B cell fates may develop due to Although help from T cells was not acutely required for
stochastic variation in how competition plays out betweerBlimp-1 expression in our experiments, we do not exclude
opposing components of the cell's signaling circuit@?)( If  the possibility that cues received from them promote later PC
this were true in the GC, bifurcation would not necessarilycommitment events. Krautler et al. reported that, following
need to occur immediately following a particular event suchantibody mediated depletion of T cells, plasma di erentiation
as antigen engagement or T cell interaction. Interestinglywas halted at an immature Blimp-1-Gl2P® stage 29. As
even 2-fold changes in Bcl6 and Pax5 levels can impastch, it remains possible that T cells may contribute to
GC B cell fate decisions5§). Alternatively, the adoption of anity discrimination at late dierentiation stages, or tha
di erent fates might involve the unequal inheritance of BT cells have one last say in terms of ensuring cells are of
cell and plasma cell promoting factors during mitosig4), an appropriate specicity. We did not observe an absolute
For example, asymmetrical distribution of BCR-Ag complexedpss of any particular di erentiation subset following T cell
signaling units, Bcl6é or Blimp-1 repressing/enhancing fexto ablation in our experiments, however we did note that CDE88
could cause daughter cells to diverge in terms of hovBlimp-1-GFP"=right celis were less developed in terms of their
they respond to certain environmental cues or signalingexpression of ASC associated genes, which would be consistent
events 65, 66). with a late di erentiation block. Whether these gene expressi
An important nding from our work is that T cell derived dierences re ected a global impairment in di erentiation, or
signals are not acutely required for Blimp-1 expressionin®i@ instead indicated that fewer cells reached later stages, was
As such, T cells do not drive this fate as an alternative tticye-  not assessed. Somewhat surprisingly, “late” C[51B8mp-1-
entry. While these nding are consistent with those of Kriant GFP”19M cells were the least a ected subset by T cell ablation
et al. who recently depleted T cells using an antibody-mediat in our assays, but this might re ect that these cells persist
approach 9), Ise et al. instead found that the generation offor longer after they are generated. The concept that CI5138
a LZ plasma cell precursor cells (de ned as BE6CD69"9"  GC B cells might remain in that state for relatively prolonged
IRF49M) required strong signals via the CD40-CD40L axisperiods is seemingly supported with the nding by Laidlow
(27). An important unresolved issue, therefore, is what is theet al. that these cells are negative for a uoresc&ifpr2
relationship between the two reported cell states? The subdseanscriptional reporter (mVenus) that presumably has a half-
of cells described in the Ise et al. study was not yet detgctiblife of many hours 70), despite our detecting S1pr2 transcriptin
Blimp-1€, whereadrf4 transcript levels were not increased in “early” CD138%9 Blimp-1-GFP'™ and “mid” CD138°9 Blimp-
any of the earliest Blimp4 cell types reported here, even 1-GFP"'=1dht cells. While we did not test a requirement for
when they had a LZ phenotype. Interestingly, BEM&CD69"9"  BCR mediated antigen engagement in supporting or promoting
IRF4'9" cells were found to also expressmycand Batf at  plasma cell di erentiation (independently of peptide acquisiti
high levels, and these are both required for DZ maintenancéor presentation to T cells), Krautler et al. showed that blogk
(67-69). One possibility, therefore, is that the BM6CD69"9"  antigen engagement leads to a near complete loss of Blimp-
IRF4'9" subset contains cells that recently received strond expression by GC B cellgq). Given that antigen is mostly
selection cues and are destined to undergo proliferativetbors  found in the LZ, it is not immediately obvious how these
their return to the DZ, which might indirectly lead to Blimp-1 results t with our ndings of Blimp-1 expression in the DZ.
expression. However, a plausible explanation might be that BCR signaling
While we have focused on understanding where and whepvents received at earlier LZ stages contributes to Blimp-
Blimp-1 is expressed in the GC, whether or not its transcriptionl initiation some time later after cells have returned to the
alone (at least at low levels) exclusively marks cells that aDZ. Further studies are required to resolve these important
destined to leave the GC is not clear. “Early” CD®¥38Blimp-  issues.
1-GFPM cells, regardless of their DZ/LZ pro le, maintained  In summary, we nd that GC B cells express the plasma
transcriptional signatures very close to that of “normal” GCcell master regulator Blimp-1 at low levels during periods of
B cells. Furthermore, 2 days after their isolation and coactive proliferation in their DZ state. Blimp-1 expression in
culture under “Nojima’ conditions, many CD138& Blimp-1- the GC does not necessarily commit cells to a plasma cell
GFPIM cells became GIPF8 again, indicating that Blimp-1 fate, but it probably does mark cells that are sensitized to
transcription had been transient. Although it is important to going down this route. The correlation of proliferation and
note that no culture conditions accurately mimic the vivo  Blimp-1-induction suggests the possibility that the two may b
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linked, especially given the previously described assonmti the MRC WIMM and the MRC Human Immunology Unit

in other settings. As such, progeny arising from singlgMM_UU_12010/3).

selected cells may, in principle, seed plasma cell populations
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