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SUMMARY

It is unknown whether the incremental increases in
BCL6 amounts in antigen-activated B cells influence
the unfolding differentiation before germinal center
(GC) formation. By comparing shortly after immuni-
zation the distribution of conventional B cells to
those enforced to express BCL6 at the upper quartile
of normal and those lacking BCL6 altogether, we
determined that B cell representation in the stages
before the GC compartment was related to BCL6
amounts. This was not by increased proliferation or
suppression of early plasmablast differentiation,
but rather by preferential recruitment and progres-
sion through these early stages of B cell activation,
culminating in preferential transition into GC. Once
established, this bias was stable in GC over several
weeks; other BCL6-regulated GC B cell behaviors
were unaffected. We propose that setting BCL6
amounts very early in activated B cells will be central
in determining clonal representation in the GC and
thus memory populations.

INTRODUCTION

Germinal centers (GCs) form in the B cell follicles of lymphoid

tissues and are the transient anatomical sites in which affinity-

matured antibody responses against immunizations and infec-

tions are generated (Tarlinton and Good-Jacobson, 2013; Mesin

et al., 2016). In the first days of an immune response to protein-

containing immunogens, antigen-activated B cells progress

through a defined differentiation program to generate GCs.

Initially, antigen-binding B cells are activated to express nuclear

factor kB (NF-kB), followed closely by low-level upregulation of

BCL6, the canonical GC transcription factor (TF), which is

observed after the initial round of cell division (Zhang et al.,

2017; Kitano et al., 2011). Subsequently, these B cells transiently
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upregulate the chemotactic receptors CCR6, CCR7, and EBI2

(GPR183); down modulate S1PR1; and by retaining CXCR5

expression, stabilize as activated B cells in interfollicular zones,

now expressing appreciable amounts of BCL6, reached after

5–6 divisions (Gatto et al., 2009; Pereira et al., 2009; Kelly

et al., 2011; Kerfoot et al., 2011; Kitano et al., 2011; Zhang

et al., 2017; Reimer et al., 2017; Cyster and Allen, 2019). At these

interfollicular sites, B cells again interact with cognate T cells and

expand in number, first at the follicle peripheries and then

throughout the follicle (Chan et al., 2009; Coffey et al., 2009; Ki-

tano et al., 2011; Kerfoot et al., 2011). Collectively, activated

B cells that are proliferating but have not entered or acquired a

GC, a plasmablast (PB), or a memory B cell phenotype are

referred to as pre-germinal center (preGC) B cells (Mesin et al.,

2016; Taylor et al., 2015). The preGC compartment subsequently

wanes as B cell differentiation progresses into three functional

subsets: BCL6hi GC B cells, BCL6lo memory B cells, and

BCL6null antibody-secreting cells (ASCs), comprising prolifer-

ating PBs and non-proliferating short-lived plasma cells (PCs).

Fate selection of activated B cells early in the response re-

mains an area of investigation; for example, unaddressed is

whether selection is stochastic or directed by cell-extrinsic fac-

tors, and if so, which ones and how. In this context, it is inter-

esting to observe that interfollicular preGC B cells upregulate

BCL6 to low levels (Zhang et al., 2017; Kitano et al., 2011) and

to ask whether this simply reports B cell activation or maymodu-

late early proliferation, survival, or fate determination (Boothby

and Rickert, 2017). There is no B cell-intrinsic requirement for

BCL6 in the genesis of early extrafollicular PC, preGC B cells,

or early memory B cells, or for memory B cell reactivation, as

all occur without BCL6 (Taylor et al., 2012; Toyama et al.,

2002). There is, however, evidence for BCL6’s affecting events

before GC formation, and it is possible that B cell differentiation

before GC formation in the absence of BCL6 is not identical to

that in its presence. For example, cognate T cell:B cell interac-

tions at perifollicular sites are shorter in its absence (Kitano

et al., 2011), and B cells carrying a functionally impaired, RD2

domain-deficient form of BCL6 attain high BCL6 amounts but

are unable to enter GCs, likely due to altered chemotaxis (Huang
or(s).
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et al., 2014). It remains unclear whether BCL6 upregulation in

B cells in the stages preceding GC regulates these differentiation

events.

Once established, GC are partitioned, both functionally and

physically, into a light zone (LZ) and a dark zone (DZ) (Victora

and Mesin, 2014). B cells in the LZ undergo selection, resulting

in survival and either DZ recycling or follicle egress based on their

B cell receptor affinity for antigen and access to T cell help. In the

DZ, B cells proliferate and somatically hypermutate their B cell

receptor genes and clear peptide-loaded major histocompatibil-

ity complex class II (MHC-II) before returning to the LZ for further

selection (Suan et al., 2017; Bannard et al., 2016). Iterations of

these complementary processes drive affinity maturation of the

antibody response. GC formation is absolutely dependent on

B cell expression of BCL6 (Dent et al., 1997; Fukuda et al.,

1997; Ye et al., 1997), and it regulates key behaviors in these

cells. In established GCs, BCL6 has many gene targets that

collectively make up a gene expression program (Bunting

et al., 2016) that mediates functions, including suppressing dam-

age sensing of the DNA breaks associated with somatic hyper-

mutation (SHM) in the DZ (Phan and Dalla-Favera, 2004; Basso

andDalla-Favera, 2012), influencing zone partitioning (Schneider

et al., 2016), and repressing the key genes required for PC differ-

entiation, Prdm1 and Irf4 (Tunyaplin et al., 2004; Ci et al., 2009;

Alinikula et al., 2011). In addition, BCL6 down modulation is a

hallmark of GC B cells exhibiting signs of memory or PC commit-

ment (Ise et al., 2018; Laidlaw et al., 2017; Wang et al., 2017),

while its maintenance can impair memory B cell genesis

in vitro (Kuo et al., 2007). The efficacy of a number of these pro-

cessesmay be sensitive to the amounts of BCL6 in individual GC

B cells.

To determine whether the amount of BCL6 present in B cells

early after activation influenced their fate, we examined mice

constitutively expressing BCL6 from the Im promoter (Cattoretti

et al., 2005), which is active in mature B cells (Kitamura et al.,

1991) and remains so after class-switch recombination (Li

et al., 1994). We found that the minor increase in BCL6 expres-

sion conferred by this transgene significantly affected B cell

expansion at all stages before GC formation and enhanced GC

commitment, but not by enhancing proliferation or at the cost

of early PC formation. Rather, amounts of BCL6 in B cells in

the immediate aftermath of antigen exposure determine B cell

recruitment into and progression toward GC entry, thereby

dictating representation in GC and memory. B cell behavior,

other than PC formation, within GCs was unperturbed by the

increased amounts of BCL6. We interpret these results to

mean that BCL6 amounts in B cells very shortly after activation

determine GC commitment and representation, despite that be-

ing a much later stage of differentiation.

RESULTS

Surface Molecular Phenotypes Reflect TF Expression
Changes
BCL6 is upregulated by small amounts in early activated B cells

before GCs form after the initial upregulation of interferon regu-

latory factor 4 (IRF4) (Zhang et al., 2017). Tomonitor the influence

of BCL6 in these early phases, we sought a TF-independent
means by which to distinguish between unactivated cells, acti-

vated but uncommitted B cells, committed GC B cells, and

differentiated PBs. We immunized C57BL/6 wild-type (WT)

mice intraperitoneally (i.p.) with (4-hydroxy-3-nitrophenyl)

acetyl-keyhole limpet hemocyanin (NP-KLH) precipitated with

alum as adjuvant (NP-KLH/alum) and monitored the surface

expression profiles of splenic NP-specific B cells 3.5 days later,

aiming to track movement through progressively activated cell

stages defined by TF profiles.

In a series of analyses (data not shown), we found that NP-

specific B cell populations with distinctive TF expression profiles

could be resolved with reasonable clarity by analyzing the sur-

face expression of CD138, CD38, FAS, and immunoglobulin D

(IgD) (Figure 1A). CD138+NP+ cells expressed high intranuclear

IRF4 amounts (Figures 1A and 1B), as expected (Ridderstad

and Tarlinton, 1998), were preponderantly FASloCD38lo (Fig-

ure S1), and those that were intracellular Iglbright were almost

all CD38lo (Figure S1). We thus considered the CD138+NP+ cells

to be PBs.

Among CD138lo cells, CD38+FASloIgD+ cells expressed low

amounts of BCL6 and IRF4 (Figures 1A–1C), consistent with an

unactivated state. CD38+FASlo cells that had down modulated

IgD tended to exhibit small-scale (z60%) upregulation of IRF4,

but little or no elevation in BCL6 (Figures 1A–1C), leading us to

consider these enriched for the earliest activated B cell state,

or ‘‘preGC1’’ cells. CD38+FAS+ cells, which we refer to as

preGC2 cells, tended to express intermediate levels of both

IRF4 and BCL6 (Figures 1A–1C). The rarer cells that were

CD38loFAS+ were BCL6hi (Figures 1A–1C), which is consistent

with GC commitment. These shifts were also associated with

changes in the cell-cycle distributions of the compartments,

which we determined by looking at cycle distributions of immu-

nized B6.Cg-Tg(FucciS/G2/M)#492Bsi mice (Sakaue-Sawano

et al., 2008), mice that carry themAG-hGEM(1/110) Azami Green

(AG) reporter for S/G2 phase of the cell cycle, and mKO2-

hCdt1(30/120) Kusabira Orange (KO), reflecting G1/G0

stages (Figures 1D and 1E). We thus were able to compartmen-

talize movement through the early B cell-response phases,

predicting both TF expression profiles and proliferative commit-

ment by surface phenotype, identifying cells as unactivated

(CD38+FASloIgD+), preGC1 (CD38+FASloIgDlo), preGC2 (CD38+

FAS+), committed GCs (CD38loFAS+), and differentiated PBs

(CD138+).

Progression of Antigen-Activated B Cells Is Affected by

the Amounts of BCL6

Having established a gating strategy, we used it to investigate

the possibility that BCL6 has a role in early B cell differentiation

by analyzing the fate of B cells expressing modestly elevated

amounts of the TF, in comparison to those expressing normal

amounts. We first assessed the abundance of antigen-specific

B cells in these activated B cell compartments in mice overex-

pressing BCL6 in B cells intrinsically under the control of the Im

promotor (ImBCL6 mice; Cattoretti et al., 2005) and their

C57BL/6J WT littermates, before and shortly after immunization

(Figure 2). The antigen usedwasNP-KLH/alum and the organ as-

sessed was the spleen. In the spleens of unimmunized mice of

both genotypes, NP-specific B-lineage cells were equivalent in

number in WT and ImBCL6 mice (Figure 2A). At 3.5 days after
Cell Reports 30, 1530–1541, February 4, 2020 1531
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Figure 1. Surface Molecular Phenotypes Associate with Progression through Increasingly Proliferative States

(A) WT (wild-type) mice were examined 3.5 days after i.p. administration of NP-KLH/alum and the NP-binding cells compartmentalized based on CD138, CD38,

FAS, and IgD expression.

(B) IRF4 and BCL6 expression profiles of each indicated population in (A) was examined. Inset numbers show frequencies of the parent gate, and italicized

numbers show total population mean fluorescence intensities (MFIs). Flow plots in (A) and (B) are concatenated from n = 3 individual mice.

(C) TF profile distributions from the n = 3 individual mice used for concatenates in (A) and (B).

(D and E) Cell-cycle distributions reported by AG and KO are shown for the indicated compartments from 1 representative of n = 5 mice (D) or graphed as

mean � SD from the n = 5 mice (E).

Stacked bars show mean � SD of n = 3 (C) or n = 5 (E) individual mice from 1 of 2 (C) or 1 of 3 (E) similar experiments with n = 3–6 mice/experiment.
NP-KLH immunization, NP-specific B-lineage cells were z3-

fold more abundant in ImBCL6 mice than in WT mice (Figure 2B).

The detected NP+ B-lineage cells in unimmunized mice were

mostly (z70%) of the unactivated phenotype, with a smaller pro-

portion (z30%) of the preGC1 phenotype and essentially no
1532 Cell Reports 30, 1530–1541, February 4, 2020
preGC2, GC, and PB populations (Figures 2C and S2A). Immuni-

zation increased the abundance of preGC1, preGC2, GC, and

PB cells in both strains (cf. Figures 2C and 2D), but 2- to

20-fold more so in ImBCL6 spleens (Figures 2D and S2B). As

for WT, most CD138+ cells in ImBCL6 mice were intracellular



A B C D Figure 2. Early Activated B Cell Population

Distributions in WT and ImBCL6 Spleens

(A and B) NP+ B-lineage cell numbers from unim-

munized mice (A) or mice immunized i.p. 3.5 days

earlier with NP-KLH/alum (B) were determined.

(C and D) NP+ B-lineage cells were examined for

surface molecular phenotype in the unimmunized

mice (C) or those immunized 3.5 days earlier (D).

The data shown are combined from 2 experi-

ments, with n = 2 mice/experiment (A and C) or

n = 3 mice/experiment (B and D). The inset

numbers in (D) indicate preGC1:unactivated cell

ratios. After log-transformation, data were

analyzed by Student’s t test (A and B) or 2-way

repeated-measures ANOVA with Bonferroni’s

post-test (C and D). *p < 0.05; x, none detected.
Iglbright, IRF4bright, and absent from unimmunized mice (Figures

S2C–S2E). Within CD138lo cells, IRF4 expression changes were

consistent with the progressive movement of ImBCL6 B cells

through the activation states defined forWT, with designated un-

activated cells being IRF4lo and preGC1 expressing elevated

IRF4, with further increased IRF4 expression in preGC2 and its

down modulation in most of the designated GC cells (Figures

S2D and S2F). In addition to z25% higher median BCL6

amounts in each gated compartment (Figures S2D and S2G),

the transgene resulted in an average amount of BCL6 in ImBCL6

preGC1 cells that was similar to the amount in WT preGC2 cells

(Figures S2D and S2G), greatly enriching the ImBCL6 preGC1

pool for cells with BCL6 amounts at the upper end of the normal

expression spectrum for that compartment. Thus, defined phe-

notypes correlated with increased B cell expansion in ImBCL6

mice and were observed from the earliest compartment of the

designated early B cell response.

BCL6 Overexpression Does Not Distort B Cell Behaviors

within the GC

Having seen effects on early B cell fate predilection conferred by

increased BCL6 expression, we asked whether other facets of

antigen-mediated B cell differentiation were altered as the im-

mune response progressed, particularly those dependent on

GC function. We thus measured GC responses in ImBCL6 and

WT mice 7–28 days after NP-KLH immunization and found that

GC B cells were similarly abundant in WT and ImBCL6 mice at

all of the examined time points (Figure 3A). We also assessed

whether SHM or affinity maturation were perturbed by BCL6

overexpression.We sorted single GCBcells as NP+IgG1+CD38�

from the intact mice of both strains 2 weeks after immunization,

recovered cDNA, and then sequenced and analyzed the canon-

ical VH186.2 gene of the anti-NP B cells in C57BL/6 mice (Allen

et al., 1987). All of the sequences analyzed carried at least 1 mu-

tation encoding an amino acid change, and the overall distribu-

tion and frequency of SHM in the 2 strains was similar, as was

the occurrence of the affinity-enhancing (Allen et al., 1988)

W33L mutation (data not shown; Figure 3B). A similar analysis

of WT and ImBCL6 NP-specific, CD38+ presumptive memory

B cells (Ridderstad and Tarlinton, 1998) revealed equal distribu-

tions of mutations among those VH186.2 genes that were

mutated, including the W33L exchange (Figures 3C and 3D),

suggesting that entry into the presumptive memory compart-

ment from the GC was unaffected by BCL6 overexpression.
We did note that the day 28 ImBCL6 NP+ CD38+ B cell population

contained significantly more germline VH186.2 sequences than

WT, which may be due to the persistence of some of the early

increased B cell populations in the ImBCL6 mice, as the absence

of unmutated cells in the GC suggests it to be an improbable

source of unmutated clones. It therefore appeared that the over-

all GC function was unaffected by the increased amount of BCL6

in GC B cells, despite this amount being sufficient to significantly

influence early B cell activation and expedite GC commitment.

We extended both early- and late-stage analyses using mixed

bone marrow chimeras to determine whether transgene-driven

changes were intrinsic. This revealed the expansion in ImBCL6

mice to be B cell intrinsic, as immunization of 50:50 WT:ImBCL6

mixed bone marrow chimeric mice recapitulated the overrepre-

sentation of ImBCL6 B cells in the preGC2 and GC fractions at

day 3.5 (Figure 4A); the proportion of ImBCL6 B cells increased

from beingz40% of unactivated cells and similar in the preGC1

cells, to beingz60% in both preGC2 and GC compartments by

day 3.5, reflecting a z50% increase in representation.

We made additional ImBCL6:WT mixed bone marrow chi-

meras. On days 7, 14, and 28 after immunization, we measured

the relative representation of WT and ImBCL6 B cells among the

NP-specific B cell compartments in the spleen. Consistent with

the day 3.5 analysis (Figure 4A), ImBCL6 B cells were 1.3 times

overrepresented among day 7 GC B cells compared to naive

B cells; 42% of GCs were ImBCL6 compared to their being

32% of naive, non-NP-binding B cells (Figure 4B, left panel).

ImBCL6 B cells were 1.4 times overrepresented among day 7

CD38+ B cells; 45% of NP+IgG1+CD38+ B cells, the presumptive

memory cells, were of ImBCL6 origin (Figure 4B, left panel). The

representation of ImBCL6 B cells in the GC and presumptive

memory compartments remained equally biased at days 14

and 28 post-immunization, with overrepresentation values

essentially unchanged from day 7 (Figure 4B), indicating no

advantage to antigen-specific ImBCL6 B cells beyond their initial

recruitment over this period.

We next examined whether the zone distribution of GC B cells

was influenced by BCL6 amounts, again using chimeric mice.

Nine days after immunization, we confirmed the biased repre-

sentation of ImBCL6 B cells in the GC and presumed memory

compartments of these new chimeras (Figure 4C) and the

consistent increase in the amount of BCL6 in ImBCL6 B cells irre-

spective of differentiation state (Figure 4D), before using the
Cell Reports 30, 1530–1541, February 4, 2020 1533
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Figure 3. Unexpanded GC Response in

Intact ImBCL6 Mice Relative to WT Mice

(A) WT and ImBCL6 mice were immunized i.p. with

NP-KLH/alum and monitored for NP-specific

IgG1+ GC B cell frequencies among total spleno-

cytes at various times thereafter. GC B cells were

defined here as B220+IgM�IgDloGR1�CD138�

NP+IgG1+CD38� events.

(B) Fifteen days after i.p. NP-KLH/alum immuniza-

tion, single splenic GC B cells (defined as

B220+IgM�IgDloGR1�NP+IgG1+CD38�GL7+FAS+)

were sorted and VH186.2 cDNA amplified by PCR,

sequenced,andmutation rateanalyzedandshown.

33L, W33L exchange; GL, germline.

(C) Twenty-eight days after immunization, single

splenic memory phenotype B cells (B220+

IgM�IgDloGR1�CD138�NP+IgG1+CD38+) were

sorted and VH186.2 cDNA amplified by PCR,

sequenced, and mutation rate analyzed and

shown. 33L, W33L exchange; GL, germline.

(D) The proportion of mutated memory phenotype

B cells carrying the W33L mutation was deter-

mined.

The data symbols in (A) show mean + SD of n = 6 mice per time point from 3 experiments (days 7, 14, and 28) or n = 4 mice from 2 experiments (day 21).

Sequence data were generated from cells pooled from n = 3mice/strain in 1 experiment (B) or 1 of 2 similar experiments (C and D). The data were analyzed by (A)

2-way ANOVA with Bonferroni’s post-test or (B–D) a chi-squared test; *p < 0.05.
expression of CXCR4 and CD86 to partition GC B cells into DZ

and LZ fractions (Figures 4E and 4F). No significant differences

were seen in the DZ:LZ ratio within the chimeras, with both

WT- and ImBCL6-derived cells showing an �2 times excess of

DZ B cells (Figure 4F). Again, ImBCL6-derived DZ and LZ B cells

contained increased amounts of BCL6 relative to their WT coun-

terparts, as seen in all other B cell compartments (Figure 4G).We

did not see significant differences in BCL6 amounts between

zones within either genotype.

Low-Level BCL6 Overexpression Favors GC Seeding

without Affecting Proliferation

At this point, we had shown expanded preGC1, preGC2, and GC

compartments in ImBCL6 mice early after immunization and

found this to be B cell intrinsic and not due to diversion from

PB, as these were also more numerous in the ImBCL6 mice (Fig-

ure 2). A possible explanation for expansion was that of

increased proliferation of ImBCL6 B cells. To quantify B cell pro-

liferation, we bred the ImBCL6 mice with mAG-hGEM(1/110)

mice (Sakaue-Sawano et al., 2008). Mice were either unimmu-

nized or immunized, and at 3.5 days, NP-reactive B cells

partitioned using IgD, FAS, and CD38, and the extent of cell pro-

liferation determined by the frequency of AG+ cells, plotted here

relative to IgD expression (Figure 5). We did not include CD138 in

these analyses, but the PBs were largely excluded from the phe-

notyped cells by their being CD38lo and FAS� (Ridderstad and

Tarlinton, 1998; Figure S1).

Similar to our previous analyses (Figure 2), 3.5 days after im-

munization, preGC1, preGC2, and GC B cells were more abun-

dant in the ImBCL6.mAG-hGEM(1/110) mice than in the WT

mAG-hGEM(1/110) mice (Figure S3). When evaluating prolifera-

tive commitment, NP-binding B cells were rarely in S/G2 phase

in unimmunized ImBCL6-mAG-hGEM(1/110) and WT mAG-

hGEM(1/110) mice (Figure 5A), but 3.5 days after immunization,

AG+ cells were present in both strains and at increased fre-
1534 Cell Reports 30, 1530–1541, February 4, 2020
quency in preGC1(z3.5%), preGC2 (z15%), and GC (z30%)

compartments (Figures 5B and 5C) compared to their rarity in

unactivated (z1.5%) NP+ B cells or among unimmunizedmouse

NP+ B cells (z0.5%). The proportion of B cells in cycle in any

compartment was not increased by the transgene, indicating

that the increased number was not due to altered proliferation

(Figure 5C). Immunohistological analysis placed proliferating

AG+ B cells at the outer follicle border in the spleens of both

WT and ImBCL6 mice at the day 3.5 time point, with such B cells

being more abundant in ImBCL6 mice (Figure 5D). Proliferation

was also observed in GC foci on day 3.5 in both strains, with

these foci being more developed and containing numerous

AG+ B cells in the ImBCL6 mice (Figure 5D). These results show

that the increased amounts of BCL6 in ImBCL6 B cells did not

alter the proportion or distribution of antigen-reactive B cells in

cell cycle before or within the GC.

Elevated BCL6 Expression Promotes the Persistence of

Activated B Cells through Multiple Divisions and GC

Commitment

Absent differences in B cell proliferation, we sought to determine

whether BCL6 influenced differentiation or progression between

divisions early in the B cell response. To do this, we used a cell

transfer system in which B cell-deficient mMTmice received con-

genic CD45.1 B cells and then, days later, dye-labeled CD45.2

B cells of interest (Figure S4A). This approach allowed us to

monitor B cell survival, activation, and differentiation in response

to immunization up to and including GC formation, as defined by

CD38 and FAS expression, all in the context of division history.

mMT mice, pre-transferred with CD45.1 B cells and then in-

jected with CellTrace Violet (CTV)-labeled CD45.2+ B cells from

either WT or ImBCL6 mice, were immunized i.p. with NP-KLH/

alum and analyzed 2.5 or 3.5 days later (Figures 6, S4, and S5).

CD45.2 antigen-specific B cells were partitioned into either

CD138+ PB or CD138� B cell blasts and their cell division history
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Figure 4. Low-Level BCL6 Overexpression Establishes an Early GC Seeding Advantage without Distorting GC B Cell Behaviors or

Competitiveness Thereafter

(A) Lethally irradiated CD45.1+ WT mice were reconstituted with admixed CD45.2+ ImBCL6 and CD45.1+ WT bone marrow, immunized, and subsequently

euthanized to determine by flow cytometry the proportion of CD45.2+ (ImBCL6) among unactivated, preGC1, preGC2, and GC B cells on day 3.5.

(B) In separate chimeras, the proportion of CD45.2+ was determined in naive IgD+ NP non-binding (Naive), and NP-specific IgG1+ GC and IgG1+ CD38+ pre-

sumptive memory (Mem) B cells at indicated times.

(C) An additional chimera cohort was assessed in the same way as (B) on day 9.

(D–F) In day 9 chimeras, BCL6 expression was evaluated in 4 leukocyte populations (D), and CXCR4loCD86+ LZ and CXCR4+CD86lo DZ GC B cells identified (E)

and their ratios compared (F).

(G) WT and ImBCL6 BCL6 expression amounts were evaluated in LZ and DZ B cells in day 9 WT:ImBCL6 chimeras.

The data shown (A–G) are from 1 of 2 independent experiments with n = 2–5 chimeric mice at each time point. Data points represent values from individual mice;

horizontal lines show arithmetic means + SDs. Data were analyzed by (A–C) 1-way repeated-measures ANOVA or (D and G) 2-way repeated-measures ANOVA,

both with Bonferroni’s post-test; *p < 0.05
assessed using CTV dilution (Figures 6A and 6B and S4A–S4D).

PBs of both donor B cell types were restricted to late division

peaks on day 3.5 (Figures 6A and 6B), and the few detected PBs

were mostly in later division peaks at the day 2.5 time point (Fig-

ures S4B and S4C); at both time points, B cell blasts were distrib-

uted more broadly from divisions 0–R8 (Figures 6B and S4D).

We then estimated division distributions for the early B cell

compartments from the day 2.5 analyses. We partitioned the

CD45.2+ NP+ B-lineage cells into unactivated, preGC1, preGC2,

GCs, and PBs and calculated the mean division number of each

compartment (Figures 6C and S4B). Unactivated cells had

divided on average 1–2 times, preGC1 cells 3 times, and preGC2

z4 times, values that were equal for B cells of both genotypes

(Figure 6C). In this experiment, GC B cells were only detected

in the mMT mice receiving ImBCL6 B cells, and these averaged

6 divisions (Figures 6C and S4E). PBs in WT and ImBCL6 recip-

ient mMTs had divided z5 times on average (Figures 6C and

S4C). Using this metric, progression through the preGC stages

was associated with increasing mean division number, with no

differences detected between WT and ImBCL6 B cells.
Differences were revealed, however, when we enumerated

cells per division in each compartment in the immunized, recip-

ient mMT mice on day 3.5 (Figure 6D). While the overall distribu-

tion of cells per division was similar between WT and ImBCL6

B cells in all of the compartments but GC, ImBCL6 B cells were

2–3 times as frequent as WT in each division of preGC1 and

preGC2 and showed modality peaks at division 3 for preGC1

and division 5 for preGC2 (Figure 6D). GC B cells were reliably

detected in the 6th and 7th division peaks of ImBCL6 B cell recip-

ient mMTs, but were absent from WT recipients (Figure 6D). The

relations described in Figure 6 were also observed when we

focused specifically on Igl-expressing NP-binding cells, normal-

izing internally to either Igl-expressing, NP non-binding CD45.2+

cells or total CD45.2� (i.e., CD45.1+) B-lineage cells (data not

shown; Figure S5). Thus, tracking division history revealed that

excess BCL6 had not increased the average division number

per compartment, but rather the representation and progression

of preGC phenotype cells, suggesting more efficient progress

through the compartments, but with an equal number of divi-

sions within the compartment.
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Figure 5. Proliferative Commitment Is Unaltered by Low-Level BCL6 Overexpression

(A) Representative flow cytometry plot of gated CD19+NP+ cells showing IgD expression against the Azami Green (AG) S/G2 phase reporter expression without

immunization of WT mAG-hGEM(1/110) or ImBCL6-mAG-hGEM(1/110) mice.

(B and C) On day 3.5 after NP-KLH/alum immunization, NP+ unactivated, preGC1, preGC2, and GC B cells were examined for AG expression (B) and the values

graphed (C). The symbols show individual mice, and the lines show arithmetic means + SDs pooled from 2 experiments (C).

(D) Histological analyses of 3 WT mAG-hGEM(1/110) and ImBCL6.mAG-hGEM(1/110) mouse spleens 3.5 days post-immunization.

Data were analyzed by 2-way repeated-measures ANOVA with Bonferroni’s post-test.
The transfer system also allowed us to assess whether BCL6

deficiency affected B cell expansion early in the response. We

purified, CTV labeled, and transferred B cells from Bcl6fl/fl mice

carrying Cd23Cre, rendering them BCL6 null, as well as B cells

from Cd23Cre-only mice. Recipient mice were immunized, and

on day 2.5, antigen-specific B cells were identified and the divi-

sion profiles of the unactivated, preGC1, preGC2, GC, and PB

compartments were assessed. In addition to the expected

absence of Cd23creBcl6fl/fl GC B cells, NP-specific Cd23cre

Bcl6fl/fl B cells were less frequent per division than Cd23cre

Bcl6+/+ in preGC1, preGC2, and PB compartments in recipient

mMTs, although they did show a similar extent of divisions in

each compartment (Figure 6E). Thus, the absence of BCL6

significantly impeded B cell progression through the preGC

stages, including the appearance of PB, highlighting the role of

BCL6 in the early phases of the response.

Elevated BCL6 Expression Bypassed the Requirement

for T Cell Help in Sustaining Activated BCell Populations

BCL6 upregulation in B cells is typically considered contingent

on T cell help (Zhang et al., 2017), but our data suggested that

BCL6 amounts may affect the B cell response before this inter-

action. To explore this, we used ImBCL6 mice to mimic stage-

specific low-level BCL6 overexpression, but restricted T cell
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help by crossing them with the T cell receptor (TCR) transgenic

OT-II line (Barnden et al., 1998), hereafter called ImBCL6-OT-II.

OT-II with WT B cells and ImBCL6-OT-II mice were immunized

with NP-KLH/alum and B cell responses examined 3.5 days

later. At this time, �60% of WT NP-binding cells had down

modulated IgD, progressing to at least the preGC1 state (Figures

7A and B). Small-scale BCL6 overexpression enhanced the

expansion of IgDlo B cells relative to WT, both in proportion

(z75%) and in number; each WT IgD+ B cell was outnumbered

on average by 1.6:1 IgDlo B cells, whereas 4.2 IgDlo B cells were

detected for each IgD+ ImBCL6 B cell (Figure 7B). By way of com-

parison, IgD+ unactivated cells make upz70%of all NP-binding

B cells in unimmunized mice of both strains (Figure 2A). This

T cell-independent increase in antigen-specific IgDlo B cells

associated with low-level overexpression of BCL6 implicates

BCL6 as a regulator of B cell recruitment into the response

from the earliest stages, even preceding the receipt of T cell help.

DISCUSSION

While the GC is crucial in determining the qualitative and quanti-

tative outcomes of T cell-dependent immune responses, what

governs whether any individual B cell enters the GC remains
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Figure 6. Amount of BCL6 Influences the Efficiency of preGC B Cells Progressing through Division

(A) After B cell transfer and immunization with NP-KLH, mMTmice were euthanized, and NP+ CD45.2+ B-lineage cells in the spleen examined for phenotype and

division at either day 3.5 or day 2.5, gated as shown.

(B) Gating exemplars for day 2.5 are shown in Figure S4. Division traces of WT and ImBCL6 NP+ CD138� B cells and CD138+ PB after 3.5 days are shown.

(C) Mean divisions of the indicated populations after 2.5 days in WT and ImBCL6 recipient mMT mice are shown.

(D and E) At 2.5 days after immunization, NP+B-lineage cells were compartmentalized by division and phenotype, and comparative abundanceswere determined

in WT- and ImBCL6-recipient mMT mice (D) or Cd23creBCL6+/+ and Cd23creBcl6fl/fl (BCL6null) recipient mMT mice (E).

In (C), symbols show individual mice, and lines showmeans + SDs. In (D) and (E), symbols showmeans + SDs of n = 2WT, n = 3 ImBCL6, n = 2Cd23creBcl6+/+, and

n = 3Cd23creBcl6fl/flmice from individual experiments. The data were analyzed by 2-way repeated-measures ANOVA excluding GC from analysis (C) or by 2-way

repeated-measures ANOVA with Bonferroni’s post-test (D and E). The asterisks above the division peaks reflect points with significance surviving post-test

analysis; the asterisks beside the lines indicate significance in the parental ANOVA.*p < 0.05; nd, none detected.
uncertain. The number of components presumably involved in

this transition has made it challenging to identify why one clone

may progress from one stage to the next, until ultimately entering

the GC. In this context, there have been a number of studies ad-

dressing what may be considered GC entry characteristics. Ab-

bott et al. (2018) showed that affinity was a key determinant,

which could be compensated for by increased precursor fre-

quency or antigen valence. Chan et al. (2009) showed a 20%–

30% reduction in the GC entry of B cells when affinity for antigen

dropped 50-fold but avidity remained high. Woodruff et al. (2018)

showed access to T cell help to be a key determinant of GC

representation, extending earlier reports of T cell selectivity
(Schwickert et al., 2011) and providing a potential connection be-

tween antigen affinity and GC representation. Taylor et al. (2015),

analyzing the potential of individual B cells, found survival and

proliferation to be key in defining the capacity of cells to

contribute to the multiple possible outcomes. Lastly, Kitano

et al. (2011) showed that a minimum amount of functional

BCL6was required for preGCB cells to progress to the complete

GCphenotypewith any efficiency. A proposal from this workwas

that BCL6 has two critical functions in propelling activated

B cells into the GC. First is the capacity of BCL6 to influence

GC migration by repressing the expression of Ebi2 and S1pr1,

thereby promoting the accumulation of activated B cells in the
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A B Figure 7. Small-Scale Increase in BCL6

Expression Expands Early-Activated BCells

without T Cell Help

(A) OT-II and ImBCL6-OT-II mice were immunized

i.p. with NP-KLH/alum, and 3.5 days later, spleens

were excised and NP+ B-lineage cells examined

for CD138 and IgD expression.

(B) The abundance of IgD+ unactivated cells, IgDlo

activated cells, and PBs was compared.

Flow plots (A) and symbols (B) represent individual

mice, while lines show geometric means (B). Inset

numbers (B) indicate the mean ratio of IgDlo:IgD+

cells for each strain, which were statistically

significantly different at *p < 0.05 by 2-way

repeated-measures ANOVA with Bonferroni’s

post-test. The data shown are from 1 experiment.
follicular center where GCs form. Second is the promotion of B:T

conjugates in the outer follicles. Based on the data, we speculate

that both of these functions are strongest in BCL6hi B cells, in the

ImBCL6 B cells used here and among those at the upper end of

the normal WT distribution of BCL6 amounts. While BCL6 can

promote survival, mostly by repressing apoptosis triggered by

cell-cycle arrest (Phan et al., 2005), it is not clear that this would

be in operation in the first days after antigen exposure, although

activation-induced cytidine deaminase (AID) expression, which

causes DNA damage, does begin around this time (Vikstrom

et al., 2010).

We describe that the preferential expansion of antigen-spe-

cific B cells that contain amounts of BCL6 at the upper end of

normal, starting from the earliest stage of activation in which

the cells retain CD38, does not express FAS but has downregu-

lated IgD, a compartment we have called preGC1.We found that

these BCL6-elevated B cells were further expanded into the sub-

sequent preGC2 compartment and that in neither case was this

due to increased rates or frequency of proliferation. From

competitive chimera studies, we found that the extent of ImBCL6

B cell overrepresentation increased, going from naive B cells to

the preGC1 and again into the preGC2 compartment, but it was

then unaltered in the GC, where it was stable over 28 days, with,

again, a normal frequency of cells in S/G2 phase of the cell cycle.

Based on these data, we propose that the amounts of BCL6 ex-

pressed in B cells at the onset of the immune response—within

days of binding antigen—are deterministic in progressing cells

along the differentiation pathway leading to GC, and that this

advantage operates in a feedforwardmanner, in which increased

representation in one compartment increases recruitment into

the next, and representation is increased further. This concept

is supported by the preferential expansion of the ImBCL6 B cells

into at least the preGC1 stage in the absence of cognate T cell

help and the overall inhibition of B cells lacking BCL6. It will

also be of considerable interest to determine both the differenti-

ation potential of the preGC1 compartment and the factors that

influence those outcomes, whether they are GC, ASC, or

memory.

Key questions that remain are what determines the amount of

BCL6 in individual, antigen-activated B cells, how do increased

amounts of BCL6 translate into increased B cell representation

without altering proliferation, and why does this representation

not increase further within the GC? Agonistic B cell stimulation
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with anti-IgM or CD40L in vitro both drives BCL6 degradation

(Feng et al., 2018; Chevrier et al., 2017) and promotes IRF4

expression, which is predicted to inhibit BCL6 expression in acti-

vated cells (Feng et al., 2018; Ochiai et al., 2013; Saito et al.,

2007). This suggests that the affinity of naive B cells for antigen

may be inversely related to BCL6 amounts, which would also

have implications for the recruitment of T cell help. However,

the cytokines IL-4 and IL-21 can maintain BCL6 expression

in vitro for many hours in CD40L stimulated B cells (Chevrier

et al., 2017). We would suggest that the environment surround-

ing antigen-ligated, T cell-helped B cells will bias cells toward

GC commitment by inducing comparatively slight increases in

BCL6 amounts. Prolonged T:B cell interactions may allow an

extended window for exposure to high levels of cytokines such

as interleukin-4 (IL-4) and IL-21, permitting BCL6 persistence

in these potentially most strongly helped cells. In this scenario,

the BCL6 transgene could substitute for or amplify the effects

of antigen-specific B cells interacting with their cognate CD4

T cells early in the response. Promoting an activity that itself pro-

motes developmental progression and BCL6 upregulation would

provide a feedforward mechanism. Equally so, the enhanced

responsiveness to externally derived signals, be they T cell

dependent or from other sources, could enhance otherwise sub-

optimal signals that are sufficient to drive differentiation without

making the B cell autonomous from the same signals. We think

the otherwise normal behavior of the ImBCL6 B cells, in pheno-

type, proliferation, and anatomical distribution, speaks to the

changes that we observe being an enhancement of a normal

event rather than an entirely new behavior.

The chimera data provide an interesting insight into the transi-

tion of B cells from preGC to GC. That this was accompanied by

no further change in ImBCL6 B cell representation, coupled with

the fact that the magnitude of the GC response was equal in

intact WT and ImBCL6 mice, suggests that there are B cell-

extrinsic factors limiting this transition. Clearly, the transgene is

not sufficient to overcome this limitation, presumably leaving a

larger-than-normal number of cells in the preGC2 compartment.

This may explain the z2 times increase in accumulated

CD38+GL7+ cells (i.e., preGC cells) observed on day 6 for

BCL6�/� B cells relative to WT in an earlier study (Taylor et al.,

2012).We speculate that a proportion of the unsuccessful preGC

B cells may revert to a quiescent phenotype, effecting a transi-

tion to memory and explaining the excess of early memory



B cells found in the ImBCL6mice. In fact, such a processmay ac-

count for the early memory B cells found in WT mice, albeit at a

lower frequency. In line with this possibility, Turner et al. (2017a,

2017b) have detailed the resumption of a naive phenotype and

memory conversion of antigen-activated B cells that have

divided but failed to receive adequate T cell help.

The additional BCL6 conferred by the transgene did not

modulate B cell behavior within GC, although we did note

that PC production from GC was suppressed in accordance

with earlier work (data not shown; Cattoretti et al., 2005); GC

B cell proliferation, SHM, zone compartmentalization, affinity

maturation, and affinity-matured memory B cell output all

were unaltered by the transgene. That these aspects of GC

B cell biology were unaffected by BCL6 overexpression implies

that the large upregulation in BCL6 observed in WT GC B cells

over the amounts in preGC B cells embodies a significantly

different kind of influence of BCL6 on B cell behavior. That is,

BCL6 amounts in WT GC B cells are by necessity sufficient

to allow normal GC functions and that further suppression

may be unnecessary and perhaps not possible. That the

amount of BCL6 enforced by the transgene is not sufficient

to block memory formation may indicate that the downregula-

tion of endogenous BCL6 is sufficient to allow differentiation,

making the transgene-encoded remainder irrelevant. That the

excess BCL6 in ImBCL6 GC B cells is sufficient to reduce PC

differentiation, however, suggests either a different sensitivity

of this process to the amounts of BCL6 and its recruited inter-

action partners or the acceleration of susceptible cells through

the ‘‘window’’ in which PC differentiation can occur. Resolving

this will require further investigation.

An intriguing aspect of the increased amounts of BCL6 in the

ImBCL6 B cells, despite its apparent lack of effect on GC

behavior, is that it is ultimately oncogenic (Afshar-Sterle et al.,

2014; Cattoretti et al., 2005). When aged, the ImBCL6 mice

used here generate diffuse large B cell lymphoma at approxi-

mately twice the rate of littermates (Cattoretti et al., 2005), and

in the absence of T cells, they succumb to lymphoma within

12 weeks of birth (Afshar-Sterle et al., 2014). The clonal tumors

that develop in T cell-sufficient ImBCL6 mice typically carry mul-

tiple somatic IgH mutations (Cattoretti et al., 2005), meaning that

the otherwise nominal BCL6 increase in B cells increases the

probability of the transformation of GC-experienced cells and

that the processes that normally drive compromised GC B cells

toward apoptosis are seemingly perturbed. Over many rounds of

division and among many activated clones, such a small shift in

regulation may become significant, as evidenced by the cancer

phenotype of the mice. Our data add a further possibility in

that individuals with minor dysregulation of BCL6 expression

may accumulate B cells that have been repeatedly stimulated,

divided, and returned to quiescence, thereby adding to the risk

of transformation by accumulating genetic changes during those

interrupted expansions. It is worth noting that in the ImBCL6

mouse cancer model, lymphoma in intact ImBCL6 mice is rare

and is accelerated by repeated immunization (Cattoretti et al.,

2005).

In conclusion, we find that BCL6 amounts directly affect

preGC and GC B cell population genesis. Low-level overexpres-

sion specifically promoted the accrual of antigen-specific B cells
at all stages, but without significantly affecting B cell prolifera-

tion. Thus, the distorted GC and memory representation

observedwhen BCL6 is overexpressed from the onset of antigen

exposure suggest a capacity for BCL6 to determine B cell fate

predilections before coalescence of the GC proper.
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STAR+METHODS
KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

BCL6-A647 (7D1) WEHI Antibody facility BCL6-A647 (7D1)

BCL6-Fitc (7D1) WEHI Antibody facility BCL6-Fitc (7D1)

BCL6_BV421 (K112-91) BD Cat#563363; RRID:AB_2738159

CD38BV786 (90) BD Cat#AB_2740536 ; RRID:AB_2740536

IRF4PE (3E4) ThermoFisher Scientific Cat#12-9858-82 ; RRID:AB_10852721

FASbuv395 (JO2) BD Cat#740254 ; RRID:AB_2739999

Chemicals, Peptides, and Recombinant Proteins

NP-Osu Biosearch Technologies Cat# N-1010-100

Cell trace violet Life Technologies Cat#C34557

Critical Commercial Assays

eBioscience foxp3 staining buffer set Life Technologies Cat# 00-5523-00

Experimental Models: Organisms/Strains

ImBCL6 (Cattoretti et al., 2005) N/A

C57BL/6 Monash Animal Research Platform N/A

B6.SJL-Ptprca WEHI breeding facility N/A

B6.Cg-Tg(FucciS/G2/M)#492Bsi (Sakaue-Sawano et al., 2008) N/A

OT-II (Barnden et al., 1998) N/A

mMT (Kitamura et al., 1991 #116) MGI:3767232

B6.Cg-Tg(Fcer2a-cre)5Mbu/J (Kwon et al., 2008) N/A

Bcl6fl/fl (Hollister et al., 2013) N/A

Oligonucleotides

Primer: VH186.2 External Forward: GCTGTAT

CATGCTCTTCTTG

Integrated DNA technologies N/A

Primer: VH186.2 External Reverse GGATGAC

TCATCCCAGGGTCACCATGGAGT

Integrated DNA technologies N/A

Primer: VH186.2 Internal Forward: GGTGTC

CACTCCCAGGTCCA

Integrated DNA technologies N/A

Primer: VH186.2 Internal Reverse: CCAGGG

GCCAGTGGATAGAC

Integrated DNA technologies N/A

Software and Algorithms

Graphpad Prism 7.0 Graphpad RRID:SCR_002798

Flowjo Treestar RRID:SCR_008520

Excel Microsoft RRID:SCR_016137
LEAD CONTACT AND MATERIALS AVAILABILITY

Further information and requests for resources and reagents should be directed to and will be fulfilled by the Lead Contact, David

Tarlinton (david.tarlinton@monash.edu). This study did not generate new unique reagents.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Mice
The ImBCL6 mice (Cattoretti et al., 2005) and C57BL/6J WT mice were bred and maintained in specific pathogen free facilities at the

Walter and Eliza Hall Institute (WEHI), Melbourne, Australia, or the Monash University Animal Research Platform, Melbourne,

Australia. CD45.1 WT B6.Ly5.1 (B6.SJL-Ptprca) mice, bred at and purchased from WEHI, were used to make chimeras, either at
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WEHI or the Monash Alfred Research Alliance site. All experiments were conducted in accordance with protocols approved by the

respective WEHI and Alfred Research Alliance Animal Ethics Committees. Strains housed at the Alfred Research Alliance MARP site

additionally included ImBCL6 mice crossed to B6.Cg-Tg(FucciS/G2/M)#492Bsi mice (Sakaue-Sawano et al., 2008), their respective

littermates, OT-II (Barnden et al., 1998) and ImBCL6-OT-II and Cd23cre (B6.Cg-Tg(Fcer2a-cre)5Mbu/J) mice (Kwon et al., 2008).

Cd23creBcl6fl/fl (Hollister et al., 2013) spleens were from mice housed at the Australian National University and were kindly shared

by Pablo Fernandez De Canete Nieto and Carola Vinuesa. In one of the two experiments pooled for Figure S3, mice were also

CD8+/�. All analyzed mice were healthy throughout experiments (mice were well groomed, responsive to touch, motile). Both female

and male mice were used from 6-12 weeks of age at experimental start points.

Randomization
Mice were generally gender- and age-matched within three weeks. Female ImBCL6, ImBCL6-OT-II, ImBCL6.B6.Cg-Tg(FucciS/G2/M)

#492Bsi) and respective littermate mice were co-housed in groups of six at any age. Generally sibs from the same litter were co-

housed, but co-housing was indiscriminate as regards genotype.Where possible, malemice were indiscriminately co-housed before

six weeks of age. Mice received toe-tattoos to identify them andwere tail-tipped or ear clipped to determine genotype before assign-

ment to an experimental cohort.

METHOD DETAILS

Immunizations
All immunizedmice received 100 mgNP-Keyhole limpet hemocyanin (KLH)/alumprepared as described (Zotos et al., 2010). For this, a

1mg/mLNP-KLH solution was admixed 1:1 with 10%w/v AlK(SO4).12H2O (alum; Sigma-Aldrich), precipitated at pH = 6.5, washed in

excess PBS (Dulbecco’s PBS; Thermo Fisher Scientific) and resuspended in PBS at 1 mg NP-KLH/mL for i.p. injection.

Preparation of NP-KLH for Immunizations
NP-OSu (LGC Biosearch Technologies) and KLH (Merck) to generate NP-KLH with conjugation ratios between 18 and 29 to 1. In

essence, KLH was dialyzed into a 3% w/v solution of NaHCO3 overnight, and then admixed with NP-OSu for 2-3 hours with rolling

and tilting, then dialyzed against PBS. The KLH concentration was determined based on the Beer-Lambert Law as the A280/1.55 and

the NP concentration as the A430/4230. The A280 contributed by the NP was not factored into the KLH concentration calculation. For

ratio calculations, the KLH molecular weight was set as 1x105 g/Mol and NP-OSu as 294.22 g/Mol.

Irradiation Chimeras
Bone marrow from CD45.2 ImBCL6 and CD45.1 WT mice were admixed and 1-4x106 admixed cells were injected into the lateral tail

vein of lethally irradiated CD45.1 WT mice. Reconstituted mice received 1.622 mg/mL neomycin trisulphate salt hydrate (Sigma-Al-

drich) in sterile water ad libitum for two, three or four weeks after reconstitution. Approximately 8 weeks after irradiation, mice were

immunized i.p. with NP-KLH/alum, and at various time points thereafter euthanized for analysis.

Adoptive Transfer System
Follicle primingwas performed by the adoptive transfer of CD45.1 B cells to mMTmice. To do this, B cells fromCD45.1mouse spleens

were purifiedwith theMitenyi Biotech B cell isolation kit, mouse (130-090-862), with the addition of JC5-biotin to the primary antibody

cocktail staining step. Depleted B cells were adoptively transferred into the recipient mMT (2.5-5.0x107/mouse). Seven to nine days

later, proliferation dye-labeled total B cells from donor CD45.2WT or ImBCL6mice were isolated and transferred to the follicle-primed

mice. We treated each spleen as an individual biological replicate. In initial transfers into the follicle-primed mice (day 3.5 analyses),

we transferred purified B cells prepared as follows: Total splenocytes were labeled with Cell Trace Violet (CTV; Life Technologies

Australia Pty Limited, Scoresby, VIC, Australia) by suspending the splenocytes in 4 mL PBS and adding 4 mL 5 mM Cell Trace Violet

in DMSOwith gentle vortexing. Labeling was performed for 12minutes at room temperature. Dye-labeling was quenched bywashing

with 10 mL 5% BSA in PBS. B cells were then purified with the B cell isolation kit, mouse, and after removing a small aliquot to

enumerate NP+ B cell frequencies contained therein, the total purified B cells were filtered through 50 mm nylon mesh (Sefar Nitex

#03-50/31; Sefar Filter Specialists) and transferred i.v. to the follicle-primed mice. In subsequent iterations (day 2.5 analyses), we

instead transferred the CD45.2+ B cells among total splenocytes. To do this, splenocyte suspensions were treated with 156 mM

NH4Cl, 11.9 mMNaHCO3, 97 mMEDTA pH = 7.3 (WEHI media department) for 2 minutes at room temperature, which was quenched

with 10 mL 0.5% BSA in PBS. After filtering, the cells were CTV labeled as for initial analyses, but then filtered and resuspended

directly for transfer into the follicle-primedmice after taking a small aliquot to determine NP+ cell frequencies in each transferred pop-

ulation. The next day (18-28 hours later), the recipients were i.p. immunized with 100 mg NP-KLH/alum.

Cell Isolation
Excised spleens were crushed through 70 mm cell strainers (Corning) with the rubber bung of 3 mL syringes with medium containing

10% fetal bovine serum (Bovogen Biologicals), 100 ug/mL penicillin + 100 U/mL streptomycin (as Penicillin-Streptomycin, P0781;

Sigma-Aldrich), 110 mM 2-mercaptoethanol (Sigma-Aldrich), in DMEM/F-12 + GlutaMAX (Thermo Fisher Scientific). Bone marrow
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cells were isolated by flushing femurs with media through 26-gauge needles, passing the eluate through the needle three times, and

then further pressing the suspension through 70 mmcell strainers. Cells were counted and subsequently used for immunospot assays

and flow cytometry.

Flow Cytometry
Splenocyte suspensions were treated with 156 mM NH4Cl, 11.9 mM NaHCO3, 97 mM EDTA pH = 7.3, washed in flow buffer (1.8%

FBS, 0.09%NaN3 (sodium azide Reagent Plus; Sigma-Aldrich), 2 mMEDTA (Sigma-Aldrich) in PBS) and filtered through 50 mmnylon

mesh. Samples were then transferred to 5 mL polystyrene tubes (Techno Plas) or 96-well V-bottomed (Corning) or round-bottomed

(Corning) plates. Cells were incubated with supernatant from the 2.4G2 cell line (in house), and stained with combinations of fluoro-

phore-labeled antibodies andmolecules outlined in Table S1. In some experiments, cells were subsequently fixed and permeabilized

for cytoplasmic and intranuclear antigens using the eBioscience Foxp3 transcription factor staining set (Life Technologies Australia)

according to the manufacturer’s instructions, excepting with incubations carried out on ice. Live cells were identified either by exclu-

sion of 1 mg/mL propidium iodide (Merck) or by eBioscience Fixable Viability dye efluor780 (Life Technologies Australia) stained as

reported previously (Yang et al., 2016). For the analysis of BCL6 expression in chimeras, staining for IgG1 and NP were during the

intracellular staining step as reported previously (Robinson et al., 2017); basophils were gated as CD19-IgG1-NPbright cells and

were CD45mid; after gating on CD19+NPmidIgG1midCD38-FAS+ GC B cells, LZ and DZ B cells were respectively gated as

CD86+CXCR4lo and CD86loCXCR4+ as reported previously (Victora et al., 2010). Igl was stained either during surface staining, or

after fixation during the intracellular staining step, respectively indicated by (surface) or (intracellular) in relevant flow exemplars.

In-House Fluorophore Conjugations
In house manufactured reagents were conjugated to fluorophores using 5-(and-6)-Carboxyfluorescein, Succinimidyl Ester (C1311;

Thermo Fisher Scientific), Alexa Fluor 680 NHS Ester (A20008; Thermo Fisher Scientific) or (+)-Biotin N-hydroxysuccinimide ester

(H1759; Sigma-Aldrich). NP-Allophycocyanin and NP-PE, were used to detect NP-binding cells and were made using R-PE

(P801; Thermo Fisher Scientific), Allophycocyanin (PB20; Prozyme), and NP-OSu (N-1010-100; LGC Biosearch Technologies). Con-

jugations were performed essentially as described for NP-KLH under Immunizations.

VH186.2 Mutation Analysis
Splenocytes were stained with anti-Igl-biotin (clone JC5) for 15-30 min on ice, washed with 0.5% BSA, 2 mM EDTA in PBS and pel-

leted by centrifugation. The pellet was resuspended with anti-biotin MACS beads (Miltenyi Biotec) and purified through MACS LS

columns (Miltenyi Biotec) according to the manufacturer’s instructions, stained for surface molecules, washed, and resuspended

for sorting. Sorting was performed on either a FACS ARIA or an Influx flow cytometer (both BD Biosciences). Isolated cells were

deposited into either 96-well PCR plates or strip PCR tubes, with wells prefilled with 10 mL lysis buffer containing 40 U Recombinant

RNasin� Ribonuclease Inhibitor (Promega), 4 mM DTT (Thermo Fisher Scientific), 30 ng Random Hexamers (Thermo Fisher Scien-

tific), 1% v/v NP40 (Sigma-Aldrich), 2 mL PBS and 6.5 mL DEPC or nuclease-free water (Promega) and frozen at �80�C until PCR.

Alternatively, cells were deposited into wells containing 5 mL PBS and frozen at�80�C until reverse transcription, with the lysis com-

ponents added in 5 mL nuclease-free water immediately upon removal from freezing. Once thawed and lysed, plates or tubes were

heated to 65�C for 2min, cooled to 10�C for 5min on aMastercycler gradient PCRmachine (Eppendorf). To this tube, 5 mL 1x Reverse

Transcriptase buffer, 1 mL 25 mM dNTPs, 2 mL 0.1 M DTT, 10 U RNasin, 5.25 mL DEPC or nuclease free water, and 0.5 mL (100 U)

Superscript III Reverse Transcriptase (Invitrogen) were added. For first strand synthesis the reaction was taken to 22�C for

10 min, 42�C for 50 min, and then inactivated at 70�C for 15 min. Nested PCR was then performed using GreenTaq DNA polymerase

(Promega) according to the manufacturer’s instructions in 21.5 mL volumes comprising 2.5 mL first strand cDNA, 1 mM forward and

reverse first round primers (50-30: GCTGTATCATGCTCTTCTTG, GGATGACTCATCCCAGGGTCACCATGGAGT) (McHeyzer-Williams

et al., 1991), with a 3 min 94�C pre-incubation; 39 cycles of 94�C 30 s, 50�C 60 s, 72�C 60 s; and 7 min at 72�C. 0.035 mL of this was

then run in 21 mL 1x GreenTaq with second round primers (50-30: GGTGTCCACTCCCAGGTCCA, CCAGGGGCCAGTGGATAGAC)

with the same cycling conditions, but only 29 rounds at stage 2. Aliquots of 5 mL from each 2nd round product were visualized on

a 1%–2% agarose gel, and if an approximately 380 bp band was detected, the remaining 2nd round product was purified using

QIAquick PCR purification columns (QIAGEN) then Sanger sequenced with the latter second round primer by the Monash University

Micromon sequencing facility.

Immunohistofluorescence
Spleen pieces were fixed in 4% methanol-free formaldehyde (Sigma, cat 28906) at 4�C for 3.5 h followed by incubation in 30%

sucrose in PBS overnight. Spleen pieces were rinsed briefly, and frozen in OCT compound (Tissue-Tec #4583) in vinyl cryomolds

placed in an isopentane bath held on dry ice. Spleens were cut into 10 mM sections using a cryostat and stained over night with

primary antibodies (rat anti-mouse CD16/32, (clone) 2.4G2, WEHI mAb facility; rabbit anti-CD3, SP7, Abcam #Ab16669; anti-

CD35-biotin, 8C12, BD #553816; Rat anti-B220-Alexa 647, RA3-6B2, in-house) in 5% FBS, 2% rat serum in PBS. After washing

for one hour with PBS, slides were stained with Brilliant Violet 421-AffiniPure Goat Anti-Rabbit Ig (Jackson ImmunoResearch #111-

675-144) and Streptavidin-Pacific Orange (Invitrogen Molecular Probes, #S32365) for 2 h at room temperature. After two one

hour washes with PBS, slides were mounted using DAKO fluorescent mounting medium (DAKO, cat. S3023) and Menzel
e3 Cell Reports 30, 1530–1541.e1–e4, February 4, 2020



X1000 Coverslip #1.5. Images were acquired on a Nikon AR1 confocal microscope with a CFI Plan Fluor 20 3 MI lens using glyc-

erol as immersion medium.

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical Analysis and Software Use
Flow cytometry plots were generated and data analyzedwith Flowjo software (Treestar), with data exported into Excel (Microsoft) and

transferred to Prism (Graphpad) for graphing and statistical analyses. p < 0.05 was considered significant. Where no error bar is

shown this is an absolute value or the SD is lower than the symbol height. In general, data on linear axes are depicted as mean+SD,

and data on log axes as geometric mean + Geometric SD. Tests applied are stated in figure legends. No formal statistical approach

was taken to estimate group size or test for normality. Figures were compiled using Adobe Illustrator 7.0. n represents individual mice

throughout.

Exclusion Criteria
Exclusions were limited to mice in which a biological readout independent of the assay readout was present, and were as follows: 1)

Mice in which alum spots were absent from liver or spleens were excluded as non-responders. 2) Approximately 5% of chimeras

developed alopecia and ulceration on the dorsal thorax and were not used in experiments. 3) In Figure 6D one WT-recipient mMT

mousewas excluded as only two Igl+NP+ events were detected among the CD45.2neg B cells, indicative of poor follicular priming; 4)

in Figure 6E a BCL6fl/fl CD23+/+ B cell recipient mMT was excluded as the mMT exhibited enlarged thymii, splenomegaly, and exces-

sive T cell-expansion. Both data files are available on request.

DATA AND CODE AVAILABILITY

This study did not generate datasets or code.
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