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Introduction

Differentiation is often intricately tied to the cell cycle. For
instance, precursors for red blood cells must proliferate to yield
functional progeny (1), and embryonic stem cells are more respon-
sive to differentiation-inducing stimuli when in the G, phase of the
cell cycle (2, 3). Within the immune system, induced expression of
transcription factors that facilitate specific helper T cell functions
can also be highly cell-cycle dependent (4). It is not understood
why differentiation is frequently linked to cell division or how
movement to a particular phase of the cell cycle can propel cells
toward a particular fate. Likewise, it is not understood how and
why the role of cell division in differentiation can vary for differ-
ent cell types or for cells at different developmental states within a
particular lineage (5).

Early during antibody responses, activated B cells complete
several rounds of mitosis before yielding antibody-secreting plas-
ma cells. Both plasma cell differentiation and class switch recom-
bination (CSR), 2 distinct but key processes in adaptive immunity
(6), are thought to be strictly cell-cycle dependent (7, 8). Indeed, for
the plasma cell fate it has been proposed that division-dependent
histone modification and DNA methylation changes are required
for induction of differentiation-associated gene expression (9, 10).
In resting B cells, the plasma cell fate is inhibited by the transcrip-
tional regulators Bach2 and Bcl6 (11, 12), and full plasma cell func-
tion requires decreased expression of each together with increased
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Little is known about how cells regulate and integrate distinct biosynthetic pathways governing differentiation and cell
division. For B lineage cells it is widely accepted that activated cells must complete several rounds of mitosis before yielding
antibody-secreting plasma cells. However, we report that marginal zone (MZ) B cells, innate-like naive B cells known to
generate plasma cells rapidly in response to blood-borne bacteria, generate functional plasma cells despite cell-cycle arrest.
Further, short-term Notch2 blockade in vivo reversed division-independent differentiation potential and decreased transcript
abundance for numerous mTORC1- and Myc-regulated genes. Myc loss compromised plasma cell differentiation for MZ

B cells, and reciprocally induced ectopic mTORC1 signaling in follicular B cells enabled division-independent differentiation
and plasma cell-affiliated gene expression. We conclude that ongoing in situ Notch2/mTORC1 signaling in MZ B cells
establishes a unique cellular state that enables rapid division-independent plasma cell differentiation.

expression of the transcription factors Blimp1 and IRF4 (10, 13, 14).
It has also been proposed that division allows dilution of these and
perhaps other negative regulators (8), thereby allowing initiation
of the plasma cell fate. Similarly, asymmetric division may parti-
tion positive and negative regulators into separate daughter cells,
thereby permitting some offspring to yield plasma cells while oth-
ers remain competent to undergo CSR and/or generate memory B
cells (15). However, these ideas and observations do not incorpo-
rate other results showing that different types of B cells generate
plasma cells with distinct kinetics and regulatory mechanisms.

The mature naive B cell pool consists of several subpopulations
with unique roles in humoral immunity. The bulk of mature periph-
eral B cells are termed follicular B cells due to their propensity to
recirculate through follicular structures in peripheral lymphoid
organs (16). It is likely that follicular B cells dominate responses to
proteinaceous antigens by generating germinal centers as well as
short- and long-lived plasma cells (6). By contrast, relatively small
numbers of naive B cells are actively retained in the blood-rich
marginal zone (MZ) of the spleen where they dominate antibody
responses to blood-borne bacteria by producing plasma cells faster
and with fewer input signals compared with follicular B cells (17-
20). Interestingly, resting MZ B cells possess a modestly expanded
endoplasmic reticulum (ER) and increased transcript abundance
for genes associated with antibody secretion and the unfolded
protein response (UPR) (21, 22). How MZ B cells become poised
to produce plasma cells and the full impact of this unique cellular
state on host protection each remain poorly understood.

Unlike other B cells, development and maintenance of the
MZ B cell pool is strictly reliant on the transmembrane receptor
Notch?2 (23, 24). Notch receptors have been connected to several
pathways with potential relevance to early plasma cell differen-
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tiation. Of strong potential relevance, increased Notch signaling
is associated with mTOR kinase activation in normal and malig-
nant T cells (25-27). mTOR is a central regulator of cell growth
(28), and our recent work shows that the mTOR complex known
as mTORCI1 is strictly required for early plasma cell genesis and
that it promotes the transcription of UPR-affiliated genes in pre-
plasma cells and resting MZ B cells (22, 29). A connection between
mTORCI and early plasma cell differentiation is also supported by
previous work showing that mutation of Tscl, a negative regulator
of mMTORCI1 (30), allows plasma cell differentiation to initiate even
in the absence of the central UPR regulator Xbp1 (31, 32). Notch
also promotes transcription of the protooncogene Myc in malig-
nant B and T cells, as well as in developing pre-T cells (33-35).
Myc has a profound effect on multiple aspects of cellular function,
including the cell cycle (36). Nonetheless, the impact of Notch2
activity on B cell function beyond induction and maintenance of
the MZ B cell pool remains largely unknown.

We set out to study the mechanisms whereby innate-like B
cells become primed to generate plasma cells. We found that MZ
B cells generate Blimpl* plasma cells despite induced cell-cycle
arrest, in stark contrast to follicular B cells. Furthermore, short-
term blockade of in situ Notch2 signaling caused MZ B cells to
acquire division-dependent plasma cell induction properties that
mirrored those of normal follicular B cells. Notch2 inhibition was
accompanied by rapid downregulation of Myc and mTORC1-affil-
iated gene expression. Sustained Myc inactivation compromised
proliferation and early plasma cell induction for MZ B cells. In
contrast, induced TscI mutation in resting follicular B cells fos-
tered division-independent plasma cell differentiation potential
accompanied by the increased abundance of many plasma cell
and UPR-affiliated transcripts. Thus, we propose that innate-like
naive B cellslocalized to the splenic MZ leverage ongoing Notch2/
mTORCI signaling to establish a unique cellular state that enables
rapid division-independent plasma cell differentiation.

Results

Division-independent plasma cell differentiation. Our chief objec-
tive was to learn how signals received by naive B cells impact the
efficiency and kinetics with which they yield plasma cells upon
activation. To evaluate plasma cell induction kinetics vis a vis cell
division, we first leveraged an in vitro plasma cell induction assay
in which purified cell trace violet-labeled (CTV-labeled) follicular
or MZ B cells are stimulated with the TLR9 agonist CpG with or
without adding IL-4 and IL-5. We recently used this approach to
show that CpG-stimulated MZ B cells readily generate functional
plasma cells within 48 hours without cytokine supplementation,
whereas CpG-stimulated follicular B cells require 72 hours and
additional cytokines (22).

With this system, we compared the impact of several cell-
cycle inhibitors on the capacity of follicular (CD19* AA4.1- CD23*
CD21") and MZ (CD19* AA4.1- CD23 CD21") B cells to generate
plasma cells. We used the G, inhibitor PD0332991, the S-phase
inhibitors aphidicolin or etoposide, or the G,/M inhibitors col-
cemid, nocodazole, or paclitaxel. Here we gauged early plasma
cell induction by measuring upregulation of Blimpl using adult
B6.Blimp1*/°** reporter mice (37). As shown in Figure 1A, for fol-
licular B cells each compound inhibited proliferation and the
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generation of Blimp1/GFP* cells. In sharp contrast, none of these
compounds prevented the induction of Blimpl/GFP from MZ B
cells, despite the expected impact on proliferation. Consequently,
MZ B cell-derived Blimp1/GFP* cells that had not completed a sin-
gle round of division were readily evident. Of note, we performed
extensive titration experiments with each inhibitor to define opti-
mal concentrations with minimal cell death (Supplemental Figure
1, A-C; supplemental material available online with this article;
https://doi.org/10.1172/JCI151975DS1), guided by past work with
primary mouse thymocytes (38). Further evidence for uncoupling
of differentiation and proliferation derived from experiments
where we added suboptimal concentrations of aphidicolin to stim-
ulated follicular B cells, which caused Blimp1/GFP~ cells to emerge
with fewer cell divisions compared with controls (Figure 1B).

To extend these findings, we evaluated the impact of full
cell-cycle inhibition on the induction of functional antibody-
secreting cells using ELISpot to detect total antibody secretion.
We compared the impact of PD0332991, a specific inhibitor of
cyclin-dependent kinases 4/6, with a modest dose of the mTOR
inhibitor rapamycin, which has been shown to cause cell-cycle
arrest at the late G, phase of the cell cycle (39). As shown (Figure 1C
and Supplemental Figure 1D), MZ B cells yielded easily detectable
numbers of functional antibody-secreting cells despite division
blockade, including upon mTOR inhibition, in contrast to follicular
B cells. Again, the doses of PD0332991 and rapamycin used were
based on earlier titration experiments (Supplemental Figure 1E).

We also used a genetic approach to inhibit cell-cycle progres-
sion. To this end, we inactivated the gene encoding cyclin depen-
dent kinase-1 (CDK1), which is essential for B cell proliferation
(40), in resting MZ B cells before inducing plasma cell differen-
tiation in vitro. Splenocytes from mice harboring a loxP-flanked
Cdkl allele versus WT or heterozygote littermates were incubated
with increasing concentrations of Tat-Cre recombinase followed
by CTV labeling and sorting of MZ B cells, before stimulation with
CpG plus IL-4 and IL-5. Forty-eight hours later, we evaluated pro-
liferation by CTV dilution and plasma cell differentiation by sur-
face CD138 expression (flow cytometry) and antibody secretion
(ELISpot). A quantity of 3 uM Tat-Cre was sufficient to constrain
cell division in CdkI™f cells, in contrast to lower doses, without dif-
ferences in viability between WT, CdkI*’, and Cdk1" cells (Sup-
plemental Figure 2, A-E, and not shown). Notably, the proportion
of undivided cells expressing CD138 increased substantially for
Cdk1"# cells (Figure 2, A and B). Furthermore, ELISpot analyses
of cells sorted based on division number (zero versus 1 or more)
confirmed that frequencies of antibody-secreting plasma cells
among undivided cells were far greater for stimulated CdkI?’ as
compared with control CdkI”! MZ B cells (Figure 2C). These data
further suggest that MZ B cells generate functional plasma cells
independently of cell division.

To test whether MZ B cells generate plasma cells without
completing mitosis in vivo, we leveraged a previously published
in vivo cell surface protein labeling protocol wherein mice are
inoculated with biotin and surface labeling quantified ex vivo
with fluorescently labeled streptavidin (41). As cells complete
mitosis, their share of biotin is divided among daughter cells,
thus providing a measure of proliferation. Further, to control
these experiments, the degree of biotin loss can be compared
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Figure 1. Marginal zone B cells generate plasma cells without dividing. (A) Splenic CTV-labeled MZ and follicular (FO) B cells were sort purified from
B6.Blimp1°*** mice and stimulated in culture with CpG + IL-4 and IL-5 with and without the indicated cell cycle inhibitors. Resulting cells were analyzed

by flow cytometry after 48 or 72 hours as indicated. Summary data are individual values, mean + SEM. ***Adjusted P < 0.001, 2-way ANOVA, Sidak test
for multiple comparisons between cell types. (B) FO B cells stimulated as in A with titrated concentrations of aphidicolin were evaluated at 72 hours.
Histogram overlay shows CTV dilution at each aphidicolin concentration and graph shows percentage of GFP* cells as a function of all viable cells at each
division number. Line shows mean + SEM. *P < 0.05, **P < 0.01, ***P < 0.001, compared with vehicle control using 2-way ANOVA Tukey test. (C) Cells
prepared as in A were stimulated for 72 hours in culture with CpG plus IL-4 and IL-5 with or without PD0332991 or rapamycin. Graded numbers of cells from
control cultures that had divided thrice, or undivided cells from cultures containing inhibitors were sorted and added to ELISpot plates. Summary data are
individual values, mean + SEM. **FDR g < 0.01, multiple t tests, 2-stage linear step-up procedure of Benjamini, Krieger and Yekutieli, with Q = 5%.

for populations with known degrees of steady-state proliferation
such as nondividing bone marrow erythrocytes versus prolifera-
tive erythroblasts (ref. 41 and Supplemental Figure 3A). For these
experiments we also exploited 2 distinctive features of MZ B cells:
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their unique hyper-responsiveness to lipopolysaccharide (LPS),
and the capacity of anti-Notch2 antibodies to selectively deplete
the MZ B cell pool after 5 to 6 days in WT mice (refs. 24, 42 and

Supplemental Figure 3B).
;
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We administered NHS-biotin via a single i.v. dose 15 min-
utes prior to i.p. immunization of C57BL/6 adults with LPS con-
jugated to the hapten (4-hydroxy-3-nitrophenyl)acetyl (NP-LPS).
At 36 hours after immunization, we observed small numbers of
NP-binding splenic plasma cells as defined by the surface pheno-
type CD138" Scal* and increased cellular volume relative to acti-
vated NP-specific CD138" splenic B cells (Supplemental Figure
3, C and D). Notably, numbers of NP-binding plasma cells were
severely reduced in animals in which MZ B cells were first deplet-
ed with anti-Notch2 antibodies (Figure 3A). Further, at 36 hours
after immunization the degree of biotin labeling for NP-specific
plasma cells overlapped with resting follicular B cells from naive
mice and was slightly higher than on erythrocytes from immu-
nized animals (Figure 3, B and C). As expected, levels of biotin
were substantially lower on bone marrow erythroblasts resolved
from nondividing erythrocytes (Figure 3, B and C). By contrast, at
60 hours after immunization biotin levels for NP-specific plasma
cells were reduced, indicating that all plasma cells had by then
experienced cell division (Figure 3, A-C). Also, and as expected,
at 60 hours, NP-specific plasma cells had increased in number,
except in mice previously given anti-Notch2 antibodies, in which
they remained low. The effective depletion of LPS-responsive B
cells due to a previous 6 days of Notch2 blockade was further sub-
stantiated by ELISPOT and ELISA analyses of splenocytes and
sera 96 hours after immunization, respectively (Figure 3, A, D,
and E). Altogether, the data in Figures 1-3 indicate that MZ B cells
generate plasma cells via a division-independent mechanism, in
contrast to follicular B cells.

Division-independent induction of UPR genes. We evaluat-
ed gene expression in division-inhibited B cells using RNAseq.
Follicular and MZ B cells harvested from B6.Blimp1*/¢f* adults
were stimulated with CpG plus IL-4/5, and the G, inhibitor
PD0332991 or rapamycin was added. In Supplemental Figure
4 we illustrate representative data on proliferation and Blimpl/
GFP expression under these conditions. Despite cell-cycle block-
ade, transcript abundance for numerous regulators of the acute
stress response was increased in stimulated follicular and MZ B
cells (Figure 4A, top). However, in the presence of PD0332991
or rapamycin, stimulated follicular B cells failed to increase tran-

script abundance for numerous UPR regulators related to protein
secretion and plasma cell function. In stark contrast, induction
of these UPR-affiliated genes was largely intact in stimulated,
mitosis arrested MZ B cells (Figure 4A, bottom). Further, stim-
ulated MZ B cells exhibited significantly enriched expression of
Protein Secretion Hallmark genes when compared with unstim-
ulated MZ B cells, despite cell-cycle inhibition (Figure 4B). Irre-
spective of cell-cycle inhibition, plasma cells generated from MZ
B cells stimulated with CpG plus IL-4/5 were strongly enriched
for the gene expression signature of mature B220" bone marrow
plasma cells (Figure 4B). Relevant mitosis-independent regula-
tors in MZ B cells included genes encoding the chaperone pro-
teins Bip (Hspa5) and p58™** (Dnajc3), Edeml, which encodes the
endoplasmic reticulum-associated protein degradation (ERAD)
pathway regulator Edeml (43), Pdia6, which encodes protein
disulfide isomerase A6 (PDIA6) needed for disulfide bond for-
mation, Hsp90b1, which encodes GRP94, a major immunoglob-
ulin binding chaperone, and Xbpl (Figure 4, A and C). Further-
more, upon cell-cycle blockade, MZ B cells showed no difference
in the upregulation of Blimp-1 (PrdmI) and only partial defect in
downregulation of Pax5 (Figure 4C). Surprisingly, both the G1
inhibitor PD0332991 and rapamycin resulted in increased Bach2
expression in both follicular and MZ B cells (Figure 4C). Also of
note, PD0332991 but not rapamycin abrogated induction of the
cell-cycle genes Aurka, Cdkl, or Top2a in MZ B cells (Figure 4C).
Based on the data in Figures 1-4, we concluded that MZ B cells
can adopt a functional plasma cell differentiation program inde-
pendently of cell division.

Notch2 promotes plasma cell priming. To test the possibility that
ongoing Notch2 signaling fosters division-independent plasma
cell differentiation potential, we defined the impact of perturbing
in situ Notch2-Notch ligand interactions on MZ B cell gene expres-
sion and plasma cell induction kinetics as a function of division
number. Whereas administration of anti-Notch2 antibodies over 6
daysled to the loss of MZ B cells (Supplemental Figure 3B and refs.
24, 42), with this approach numbers of MZ B cells were unchanged
at 12 to 24 hours, and substantial numbers remained at 48 hours
(Figure 5A). Flow cytometric analysis of MZ B cells at 12 and 48
hours after a single dose of anti-Notch2 antibodies revealed sig-
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Figure 3. Rapid in vivo response to LPS without cell division. (A-C) C57BL/6 mice were depleted of MZ B cells by administering anti-Notch2 antibodies at
6 and 3 days before immunization and at the time of immunization. At 15 minutes prior to i.p. immunization with 50 ug NP-LPS, animals were inoculated
i.v. with 1 mg NHS-biotin. (A) NP-specific plasma cells (PCs) were measured by flow cytometry (pregated on live singlet, IgD-, Dump[CD4, CD8a, F4/80,
Ter19]-, Sca-1+, CD138*) at the indicated time points. Dotted line indicates background NP-binding levels in naive animals. (B) Histograms of indicated pop-
ulations showing levels of biotin labeling by streptavidin BV421 staining. Erythrocytes (IgD-, Dump[CD4, CD8a, F4/80], Sca-1-, CD138", Ter119+, anucleate
[by FSC/SSC]) and erythroblasts (IgD-, Dump[CD4, CD8a, F4/80]", Sca-1-, CD138", Ter119, nucleated [by FSC/SSC]) were gated from corresponding bone
marrow from each mouse. Naive follicular B cells (live/singlet, IgD", Dump[CD4, CD8a, F4/80, Ter119]-, B220*) and NP* PCs (as above) were gated from the
spleens of corresponding mice. (C) Summary data of median fluorescence intensity of biotin labeling for indicated populations for all mice. (D) ELISpot
assay was performed 96 hours after immunization. Indicated are the calculated numbers of ASCs per million splenocytes. (E) Serum ELISA for NP-specific
antibody was performed on sera taken at sacrifice at 96 hours. Data are individual values, mean + SEM. For A and D: *P < 0.05, **P < 0.01, ***P < 0.001
unpaired 2-tailed Student’s t test. For C: 2-way ANOVA, Tukey post test, *P < 0.05, **P < 0.01, ***P < 0.001.

nificant and progressive downregulated expression of CD21/35
encoded by the Notch target gene Cr2, accompanied by a modest
decrease in CD1d mean fluorescence intensity (Supplemental Fig-
ure 5A). We also observed small but significant decreases in cell
size and phosphorylated S6 protein (pS6) in MZ B cells (Supple-
mental Figure 5, B and C). RNAseq analyses of follicular and MZ B
cellsat 12,24, and 48 hours revealed changes in mRNA abundance
for numerous genes in MZ B cells, with numbers of differentially
expressed genes increasing over time (Figure 5B). As expected,
the canonical Notch targets Hesl, Dtx1, and Cr2 were among the
genes affected at early time points (Figure 5, B and C). Important-
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ly however, within 12 hours numerous additional transcripts were
also affected. Virtually identical changes in mRNA abundance for
specific loci were observed in MZ B cells after administration of
antibodies that block in situ access to the relevant Notch2 ligand
Delta-likel (DI11) (data not shown). As DII1 ligands are expressed
by nonhematopoietic stromal cells that reside close to the spleen
marginal zone (44), these data suggest that MZ B cells experi-
ence continuous DII1/Notch2-mediated signaling within the spe-
cialized MZ microenvironment. Expression of a relatively small
number of genes, including HesI and Dtx1, was also decreased by
Notch2 blockade in follicular B cells, suggesting that splenic follic-
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;

ular B cells experience continuous but likely less intense exposure
to Notch ligands as compared with MZ B cells.

Of note, compared with follicular B cells, resting MZ B cells
possessed significantly higher transcript abundance for Myc, and
within 12 hours of Notch2 blockade Myc mRNA abundance in MZ

B cells dropped to levels observed in follicular B cells (Figure 5, B
and C). Moreover, gene set enrichment analysis (GSEA) revealed
decreased expression of large numbers of established Myc target
genes (including ChIP-verified Myc targets in human lymphoma
cells) and deregulation of numerous genes associated with mTOR
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Figure 5. Sustained Notch2 signaling maintains function-related gene
expression for MZ B cells. C57BL/6 mice were treated with anti-Notch2
(N2) blocking or isotype control antibodies (Iso) for up to 96 hours. Sple-
nocytes were analyzed by flow cytometry at the indicated time points.

(A) Shown is the relative proportion of mature splenic B cells (live, singlet
CD19*, AA4.1") consisting of CD23-, CD1d*, IgM" MZ B cells. Symbols repre-
sent data from individual mice with means indicated by horizontal lines.
Individual values, mean + SEM. ***P < 0.001 1-way ANOVA, Dunnett’s
multiple comparison to isotype control (t = 0). (B-D) RNAseq was per-
formed with the indicated sorted splenic B cell populations at 12, 24, and
48 hours after anti-Notch2 administration versus at 48 hours for isotype
controls. (B) Volcano plots displaying the fold change in log, TPM versus
significance (-log,, adjusted P value, eBayes method with Benjamini-Hoch-
berg correction) for all gene expression changes between Notch-deprived
MZ (top) and follicular (FO, bottom) B cells and their respective isotype
controls at the indicated time points. Genes are color-coded as follows:
red: down in Notch2 blockade versus isotype control, adjusted P < 0.05, Ifc
>1; blue: up in Notch2 blockade versus isotype control, adjusted P < 0.05,
Ifc > 1. Canonical Notch targets are indicated. (C) Log, TPM data for canoni-
cal Notch target gene transcripts showing the mean (bar) and 75% CI (box)
and 95% Cl (whisker). (D) GSEA for ChIP-seq verified human Notch targets
at 12, 24, or 48 hours after giving anti-N2 antibodies (top, left to right)
(34), as well as for Myc targets and gene sets affiliated with plasma cell
function and/or the cell cycle at 48 hours. NES: Normalized Enrichment
Score; Nom.p.val: Nominal P value; and FDR.q.val: FDR g value are shown.
FDR-q computed using 1000 gene-set permutations. All RNAseq data are
compiled from 4 animals per treatment group and time point.

signaling (Figure 5D and ref. 34). Indeed, within 12 hours, 87 of
200 known Myc targets and 42 of 200 mTORCI1 signaling-associ-
ated genes were significantly dysregulated (Figure 5D and Supple-
mental Figure 5D), in addition to numerous genes affiliated with
the UPR, E2F pathway, and others involved in G,M checkpoint
regulation or mitotic spindle formation (Figure 5D).

Next, we tested if short-term Notch2 blockade caused MZ B
cells to acquire plasma cell inductive properties that mirror unma-
nipulated follicular B cells. Here, we again leveraged the disparate
differentiation induction requirements and kinetics of freshly
isolated follicular and MZ B cells as described above and illustrat-
ed in Figure 1 and our recently published work (22). Hence, here
we specifically sought to determine whether Notch2 deprivation
caused CpG-stimulated MZ B cells to acquire cytokine-dependent
(IL-4/5-dependent) and division-dependent plasma cell induc-
tion properties. Accordingly, we sort purified MZ B cells 48 hours
after i.p. administration of isotype control or anti-Notch2 antibod-
ies. First, we evaluated plasma cell induction as a function of cell
division number after stimulating all CTV-labeled cells with CpG
plus IL-4/5 for 48 or 72 hours. Notably, unlike their counterparts
from isotype control-treated mice, Notch2-deprived MZ B cells
yielded few if any plasma cells at early division numbers (Figure
6A). Indeed, the relationship between differentiation and division
number for Notch2-deprived MZ B cells mirrored normal follic-
ular B cells (Figure 6B). Furthermore, upon Notch2 deprivation,
MZ B cells acquired increased responsiveness to IL-4/5-induced
amplification of CpG-stimulated plasma cell differentiation, rem-
iniscent of follicular B cells (Figure 6C).

To examine division-dependency directly, we added
PDO0332991 to the in vitro cultures described in Figure 6A. For
Notch2-deprived MZ B cells, functional plasma cell induction as
evaluated by ELISpot was significantly compromised upon addi-
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tion of PD0332991, in contrast to MZ B cells harvested from mice
given isotype control antibodies (Figure 6, D and E). Importantly,
we did not observe significant changes in viability for MZ B cells
upon in vivo Notch2 blockade (Supplemental Figure 6). Therefore,
we conclude that short-term interruption of Notch2 signaling caus-
es MZ B cells to acquire division-dependent plasma cell induction
properties that emulate those of normal follicular B cells.

The Notch2-Myc axis in plasma cell priming. Myc is required
for B cell proliferation (45), and recent data suggest that subtle
variations in Myc levels determine the proliferative potential of
individual B and T cells (46). To induce Myc inactivation in rest-
ing B cells in vivo before assessing plasma cell induction in vitro,
we fed Myc? CD20-TAM-Cre and control Myc”/* CD20-TAM-
Cre adult mice with tamoxifen laced chow for 14 or 28 days, then
sort-purified splenic follicular or MZ B cells and evaluated plas-
ma cell induction in vitro. CD20-TAM-Cre mice harbor a bac-
terial artificial chromosome in which the CD20 locus has been
modified to provide tamoxifen-induced B cell-restricted Cre
induction (47). Interestingly, the frequency of MZ B cells was
not decreased among mature splenic B cells, even after 28 days,
suggesting that Myc is dispensable for the maintenance of MZ B
cells in vivo (Supplemental Figure 7A). Nonetheless as expected,
at both time points Mycf follicular and MZ B cells were unable
to divide, Myc/ MZ B cells exhibited reduced intracellular Myc
and pS6 levels and cellular volume, and Myc-deficient follicular
B cells were unable to generate CD138* cells (Figure 7, A and B
and Supplemental Figure 7, B-D). Notably, these studies revealed
additional evidence for uncoupling of division and differentia-
tion. Specifically, Myc?? cells MZ B cells yielded small numbers
of CD138"* cells when harvested from mice fed tamoxifen for 14
days, but not when taken from mice fed tamoxifen for 28 days
(Figure 7A). Furthermore, Myc inactivation abrogated the abili-
ty of MZ B cells to produce CD138* cells upon coincubation with
PD0332991 (Figure 7B). These data provide additional evidence
for the uncoupling of cell division and differentiation in MZ B
cells, and also suggest that Myc operates downstream of Notch2
activation to orchestrate separate biochemical pathways neces-
sary for proliferation and differentiation.

mTORCI promotes plasma cell priming. Given that Notch2-
deprived MZ B cells possessed decreased pS6 levels and reduced
transcript abundance for numerous mTORCI1 hallmark genes
(Figure 5D and Supplemental Figure 5C), we hypothesized
that Notch2-regulated mTORCI1 activity establishes a plasma
cell-poised state in MZ B cells. To test this hypothesis, we asked
whether follicular B cells acquire MZ-like plasma cell inductive
properties upon mutation of Tscl, an essential component of the
mTORCI-inhibitory TSC complex (30). Because the downstream
effects of Myc signaling took 4 weeks to fade completely from
MZ B cells, we also fed TscI"f CD20-TAM-Cre and control ani-
mals tamoxifen for 14 versus 28 days. After 14 days, we observed
no changes in frequencies of follicular or MZ B cells, nor in their
plasma cell induction properties, despite modest increases in pS6
levels in each cell type before stimulation (Supplemental Figure 8,
A-F). Consistent with past work, at the 28-day time point frequen-
cies of MZ B cells were decreased to roughly 50% of control mice
(Supplemental Figure 8A and ref. 48). Notably, when harvested
from mice given tamoxifen for 28 days, Tscl-deficient CpG-stim-
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Figure 6. Sustained Notch2 signaling maintains plasma cell priming. C57BL/6 mice were treated with anti-Notch2 (aN2) or isotype control antibody for
48 hours, at which time splenocytes were harvested, CTV-labeled, and sorted MZ B cells stimulated in vitro with CpG plus IL-4/5 for 48 or 72 hours. (A) Cell
division and CD138 expression for representative cultures at the indicated time points. (B) CD138 surface expression as a function of division number at 72
hours for stimulated MZ or FO B cells from the indicated treatment groups. Shown are mean and SEM for the percentage of all viable CD138" cells at the
indicated division number. **P < 0.01, ***P < 0.001. (C) Summary data cultures derived from 3 animals per treatment are shown as the mean and SEM for
each given condition (individual values, ***P < 0.001, 2-way ANOVA, Sidak’s multiple comparison test between antibody treatment groups). (D) Graded
numbers of CD138* cells generated with the indicated stimuli were sorted into ELISpot assays to quantify functional ASCs using 3 to 4 wells/condition. PD
indicates PD0332991. Shown are mean and SEM (individual values, *P < 0.05, 2-way ANOVA, Sidak’s multiple comparison test between antibody treat-
ment groups). (E) Representative wells from D for undivided and cells versus cells that had experienced at least one division after stimulation with CpG
plus IL-4/5 with or without PD. Data are compiled from 4 animal replicates per group and time point.

ulated follicular B cells were able to generate CD138" cells within
48 hours and without cytokine supplementation (Figure 8, A and
B). Induced CD138" cells in these cultures included cells that had
not completed a single round of division (Figure 8C). Importantly,
ELISpot analyses confirmed that Tscl-deficient follicular B cells
produced functional plasma cells without completing a single
round of division, including in the presence of PD0332991 (Figure
8, D and E). Thus, mTORCI activation via TscI inactivation led fol-
licular B cells to acquire division-independent plasma cell induc-
tion properties that mirrored those of WT MZ B cells.

Finally, we used RNAseq to characterize gene expression in
follicular B cells after inducing TscI mutation, using twice-sorted
follicular and MZ B cells derived from individual animals that were
fed tamoxifen for 28 days. Focusing first on the impact on known

J Clin Invest. 2021;131(20):e151975 https://doi.org/10.1172/JCI151975

regulators of the plasma cell fate (Figure 9A), we observed a modest
increase in mRNA abundance for Blimpl (PrdmI) coincident with
modest decreases in Bcl6 and Pax5 transcripts (red versus blue and
green) in follicular B cells. Furthermore, Prdml mRNA abundance in
Tscl-mutant MZ B cells approached levels typically observed in WT
plasma cells, although Pax5 transcript levels did not drop apprecia-
bly in these cells (magenta versus cyan and yellow) (Figure 9A). We
did not detect changes in mRNA abundance for Bach2 (not shown),
however we did note increased transcript abundance for both Atf3
and Jun to levels that approached WT MZ B cells (Figure 9A).
Notably, 192 genes were similarly differentially expressed
between Tscl-deficient versus control follicular B cells and
between control MZ B cells versus follicular B cells (Supplemental
Figure 9A). Gene ontology enrichment analysis of these 192 genes
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Figure 7. Myc contributes to plasma cell priming. Myc"".hCD20TamCre, Myc"*.hCD20TamCre, and Myc*/*.hCD20TamCre mice were fed tamoxifen-laced
chow for either 14 or 28 days. FO and MZ B cells from individual mice were CTV-labeled, sorted, and stimulated with CpG plus IL-4/5 for the indicated
time periods. (A) Representative CD138 expression as a function of CTV dilution for MZ B cell samples. (B) Summary data for cultures resulting from 3 to
5 individuals per condition are shown (individual values, mean + SEM, *P < 0.05, **P < 0.01, ***P < 0.001; 2-way ANOVA, Tukey's multiple comparison

test between genotypes).

revealed 2 major clusters comprising over half of the enriched GO
terms (32 of 61) related to lymphocyte activation and differenti-
ation (Supplemental Figure 9B). Dimensional reduction of these
differentially expressed genes by PCA illustrated how in the sec-
ond principal component (29.3% of variation) TscI7- follicular B
cells drew even with control MZ B cells (Figure 9B). Hierarchi-
cal clustering revealed 2 clusters of genes whose expression in
Tscl-deficent follicular B cells mirrored gene expression in con-
trol MZ B cells (Figure 9C, clusters 1 and 4). We conclude that TscI
ablation confers a differentiation poised molecular state in follicu-
lar B cells that mirrors WT MZ B cells.

Discussion
Our results reveal that ongoing Notch2 signaling establishes a
unique biochemical state in resting innate-like MZ B cells condu-

cive to rapid plasma cell differentiation. We further show that for
MZ B cells differentiation and cell division can be easily uncoupled.
Thus, while MZ B cells are likely to undergo numerous proliferative
events during early plasma cell differentiation upon stimuli with
exogenous antigens, the unique biochemical state of MZ B cells
is such that these processes are uncoupled, in contrast to the bulk
of the peripheral B cell pool. Our data also implicate the mTORC1
kinase complex downstream of Notch2 signaling as a key regulator
of these processes. Thus, we propose that activation of a Notch2/
mTORCI1 pathway defines 2 alternative functional states for naive
peripheral B cells, a Notch2/mTORCI-driven state that results
in rapid division-independent plasma cell differentiation, and a
Notch2/mTORCI-uninformed state defined by relatively protract-
ed and division-dependent differentiation. Further, our results
show that naive B cells are able to bypass division-driven processes

J Clin Invest. 2021;131(20):e151975 https://doi.org/10.1172/JCI151975
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Figure 8. mTORC1 activity confers accelerated PC differentiation kinetics for follicular B cells. Tsc7"".nCD20TamCre, Tsc7"+*.hCD20TamCre, and TscT*/+.
hCD20TamCre mice were fed tamoxifen in their diet for 14 or 28 days, at which point follicular B cells were CTV-labeled, sorted, then stimulated as indi-
cated for 48 and 72 hours. (A) CD138 expression and CTV dilution for cultures from representative animals fed tamoxifen for 28 days are shown. (B) Data
for cultures derived from 5 to 6 individuals per group are shown as individual points, mean and SEM. *P < 0.05, **P < 0.01, ***P < 0.001; 2-way ANOVA,
Tukey's multiple comparison test between genotypes. (C) CD138 surface expression as a function of division number at 72 hours illustrating mean and SEM
for the percentage of viable CD138* cells at the indicated division number. *P < 0.05, **P < 0.01; 2-way ANOVA, Tukey’s multiple comparison test between
color- and letter-coded genotypes. (D) Cultures described in A were sorted into ELISpot assays to quantify functional ASCs. Shown are representative wells
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sion, O division. (E) Summary of ELISpot data derived from 3 to 4 cultures per condition in D is shown as the individual values, mean and SEM. *P < 0.05,
***P < 0.001, 2-way ANOVA, Sidak’s multiple comparison test between antibody treatment groups.

that constrain both the timing and efficiency with which the plas-
ma cell fate is initiated as well as the magnitude of the resulting
antibody response, and thus provide insights into the unique mech-
anisms whereby MZ B cells link innate and adaptive immunity.
Our results indicate that physical access to specific Notch
ligandsinthe spleen determines whether peripheral B cells acquire
a differentiation-poised state. Past work shows that the develop-
ment and maintenance of MZ B cells requires that B cells interact
with unique fibroblastic reticular cells defined by expression of
the Notch ligand Delta-like-1 (DLL1) and the chemokine CCL19
(44, 49). The present study extends this information by implicat-
ing Notch2-DLL1 interactions in fostering a differentiation-poised
state. Given that DLL1 is expressed by specialized nonmotile
fibroblastic reticular cells (44), our observations are consistent
with the concept that the Notch2/mTORC1-driven state of func-
tional readiness in MZ B cells is controlled by in situ positional
information ahead of microbial stimulation. This idea is also con-
sistent with work suggesting that resting MZ B cells express sev-
eral components of the UPR together with a modestly expanded
ER (21, 22), and previous work showing that deregulated Notch
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signaling in developing B cells heightens MZ B cell development
at the apparent expense of follicular B cells (50). Furthermore,
because the MZ B cell pool develops normally in germ-free mice
(51), it is likely that priming for plasma cell differentiation occurs
without overt stimulation by local or systemic signals associated
with infection or the microbiota. The latter conclusion is consis-
tent with our additional data showing that plasma cell induction
kinetics and genome-wide gene expression is unchanged when
MZ B cells are harvested from germ-free mice (not shown). Thus,
while BCR specificity can select developing B cells for coloniza-
tion of the MZ B cell pool (52), such results likely reflect positive
selection events mediated by BCR signals generated by low-affini-
ty interactions with poorly defined self-ligands (53, 54).

Our data also reveal unique regulatory functions for mTORC1
in resting and activated B cells. Interestingly, mTORCI activation
is suppressed as transitional B cells mature into follicular B cells
(55). Thus, whereas decreased mTORCI activity in resting follic-
ular B cells is key for their development and for achieving meta-
bolic quiescence, the capacity of Tscl mutation to cause acceler-
ated differentiation together with increased transcript abundance
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Figure 9. Increased mTORC1 activity in follicular B cells primes plasma cell gene expression. (A-C) RNAseq was performed on cDNA prepared from sorted
splenic FO and MZ B cells. (A) A series of 2-gene comparisons of log, TPM expression are shown for follicular and MZ B cells from each genotype after

4 weeks of tamoxifen exposure. The average for each group is indicated by an asterisk. (B) Dimensional reduction of 192 genes differentially expressed
between Tsc1" versus Cre control follicular and MZ B cells with adjusted P < 0.01is shown depicting first 2 principal components among the indicated 6
groups. (C) Expression of genes described in B is shown as Z scores across each row. Genes are hierarchically clustered by Pearson correlation.

for certain plasma cell-affiliated genes (Figures 8 and 9) suggests
that suppression of mTORCI function is also important for con-
straining plasma cell genesis. This idea is also consistent with the
increased basal levels of mTORCI activity observed in resting
differentiation-poised MZ B cells and the connection of mTORC1
function to the expression of UPR-affiliated genes (Supplemen-
tal Figure 5C and ref. 22). Furthermore, the connection between
mTORCI1 and mRNA abundance for UPR and plasma cell-asso-

] -

ciated genes raises the possibility that mTORC1 promotes certain
aspects of differentiation by amplifying the transcription of cell
type- and stage-specific genes. While further work is needed, it is
highly likely that the impact of mTORCI on transcript abundance
for such genes is both indirect and largely if not entirely separate
from its role in proliferation.

Emerging data indicate that subpopulations of memory B cells
in mice and people can adopt unique biochemical states that allow
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for exceptionally rapid plasma cell differentiation (56-58). Thus,
with this idea in mind we speculate that mTORCI activity is ele-
vated in other differentiation-poised B cells, including for certain
subsets of memory B cells. Given that many memory B cells are
thought to recirculate routinely between the blood and peripheral
lymphoid tissues, we envision that plasma cell priming in memo-
ry B cells occurs without overt input from Notch receptor-ligand
interactions. However, in the mouse, memory B cells consist
of numerous functionally distinct subsets that include spleen-
and lung-resident cells (57, 59). Similarly, the human spleen and
peripheral blood each contain large numbers of IgM* CD27*
B cells with characteristics of both MZ and memory B cells (60)
that play important roles in humoral responses against encapsu-
lated bacteria (61) and are responsive to Notch ligands (62). Hence
itis tempting to propose that the Notch2-mTORCI axis also estab-
lishes division-independent plasma cell differentiation in human
MZ-like IgM memory B cells.

mTORCI may also promote rapid differentiation for other
naive B cells. Indeed, it has been proposed that B1 B cells sponta-
neously secrete IgM antibodies without canonical changes in gene
expression associated with plasma cell differentiation and appar-
ently without cell division (63). However, these results and this
general idea have been challenged (64), and the need for mitosis
in plasma cell function of B1 B cells has not to our knowledge been
tested directly. Therefore, it may prove useful to examine wheth-
er mTORCI drives plasma cell priming and uncoupling from cell
division for B1 B cells. Importantly, however, Bl and MZ B cells
differ in many relevant ways, including the capacity of B1 B cells
to develop despite Notch2 mutation (23). Finally, we speculate
that unique aspects of a conserved NOTCH2-regulated program
can be hijacked during malignant transformation in subsets of
human mature B cell lymphomas, such as marginal zone lympho-
mas, which are characterized by recurrent activating oncogenic
NOTCH?2 gene mutations that preserve the ligand dependence of
NOTCH?2 activation (34, 65, 66).

The regulation of effector cell differentiation through posi-
tional access to specific Notch ligands may not be unique to B cells.
Emerging evidence suggests that T cell differentiation and func-
tion can be modified due to interactions between Notch receptors
on T cells and Notch ligand-bearing fibroblastic reticular cells. For
instance, inactivation of DIl4 in Ccl19-Cre* lymph node fibroblasts
reduces follicular helper T cell numbers (44), and the activation of
donor allo-reactive T cells in models of graft-versus-host disease
is also inhibited upon inactivation of Notch ligand expression on
Ccl19-Cre* fibroblasts in secondary lymphoid organs (67). There-
fore, it is tempting to propose that the many outcomes of Notch-
Notch ligand interactions in multicellular organisms have evolved
to include the induction of gene expression programs needed for
rapid adaptation to changes in local microenvironments. Within
the immune system, this would therefore include the amplifica-
tion of unique effector cell differentiation pathways needed for the
rapid protection against acute life-threatening infection.

The role of cell division in differentiation often varies with
the functional demands on precursor cells and their products.
Our results suggest that MZ B cells leverage ongoing albeit rela-
tively restrained c-Myc and mTORCI activity, each propagated by
Notch2 signaling, to sidestep division-regulated differentiation,
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thereby allowing rapid induction of humoral responses. Interest-
ingly, by varying the time for inducing Myc mutation (Figure 7),
we found that proliferative potential was lost faster than differ-
entiation potential. Therefore, we speculate that B cells require
greater concentrations of Myc for cell division than for initiating
plasma cell differentiation. Thus, while it is abundantly clear
that Myc is required to initiate and sustain germinal center B cell
responses (68), it is likely that Myc also regulates numerous other
aspects of B cell differentiation. Interestingly, Heinzel et al. pro-
posed that slight increases in intracellular Myc levels in resting
naive B and T cells prolongs the length of time with which activat-
ed cells can engage in mitosis (46). Therefore, given that resting
MZ B cells possess higher Myc levels compared with follicular
B cells, we propose that an additional outcome of the Notch2/
c-Myc/mTORCI signaling axis is to increase clonal burst size for
stimulated MZ B cells and the plasmablasts they produce, thereby
increasing antibody titers.

Past studies focused on other cell types suggest that mitotic
cells employ unique regulatory processes to maintain cell type-
specific gene expression despite the numerous changes in nuclear
architecture and function inherent in proliferation. During mito-
sis, the nuclear envelope undergoes disassembly and reassembly,
histone biogenesis and chromatin landscapes change, DNA-bind-
ing regulatory proteins become unbound, and transcription is
largely silenced (69, 70). Therefore, cell type-specific chromatin
landscapes and gene expression patterns must be reestablished
in postproliferative daughter cells, raising the possibility that dif-
ferentiation-inducing signals disrupt or override these processes.
Determining whether these ideas apply to follicular B cells will
require further study. Among precursors for red blood cells, the
GATAL1 transcription factor remains bound to mitotic chromatin
in order to orchestrate the reestablishment of chromatin land-
scapes needed for erythroid differentiation (71). We note that
an analogous factor that reestablishes cell type-pecific gene
expression in postmitotic B lineage cells has not been identified.
However, recent data suggest that gene expression changes in
LPS-stimulated B cells are impacted by 2 discrete phases of chro-
matin reorganization, first before initial exit from G, and second
coincident with plasma cell differentiation (72). Based on these
results, we suggest that Notch2 signaling causes MZ B cells to
acquire epigenetic modifications that are key for fostering rapid
differentiation potential. Elucidation of the mechanisms whereby
postproliferative B cells maintain or modify cellular identity may
shed light on numerous facets of B cell differentiation, including
strategies to manipulate plasma cell numbers and per cell rates
of antibody synthesis.

Methods

Mice. C57BL/6 (C57BL/6]), Cdk1" (Cdk1t, Cdk1™Eddy/]; ref. 73) and
Tscl? (Tscl®, Tscl™Pk/J; ref. 74) mice were procured from Jackson
Laboratories. hCD20.Tam-Cre mice (47) were provided by Mark
Shlomchik (University of Pittsburgh, Pittsburgh, Pennsylvania, USA),
B6.Blimp1*/¢™? (Prdm1*/SP; ref. 37) mice by Stephen Nutt (Walter and
Eliza Hall Institute of Medical Research, Parkville, Victoria, Australia),
and Myc"* (45) mice by Doug Green (St. Jude’s Children’s Research
Hospital, Memphis, Tennessee, USA). Tamoxifen was administered
orally in tamoxifen citrate-supplemented (0.4 g/kg) mouse diet cal-
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ibrated to deliver approximately 40 mg/kg body weight per day per
mouse (Tekaid/Envigo TD.130859). Animals were placed on a 5-days-
on, 2-days-off regimen to maintain body weight and reduce toxicity
for up to 4 rounds (28 days) of treatment. In vivo Notch2 blockade was
performed by i.p. administration (5 mg/kg) of a humanized IgG1 anti-
body specific for the Notch2 negative regulatory region (anti-NRR2),
as previously described (42). Control mice received an irrelevant
hIgG1 antibody specific for herpes simplex virus glycoprotein D (75).

In vivo biotin labeling. NHS-biotin (EZ-Link Sulfo-NHS-LC-LC-
biotin, Thermo Scientific, catalog 21338) was prepared at 5 mg/mL
in sterile PBS and administered i.v. at 200 uL or 1 mg per mouse 15
minutes prior to immunization. Visualization of biotin labeling was by
staining with streptavidin BV421 (BioLegend, catalog 405225) after
surface marker stain and before live/dead stain with 7AAD.

Cell preparation. Spleen cells were obtained by mechanical disrup-
tion of the spleen between 2 frosted glass slides in FACS buffer (PBS,
0.1% BSA, 1 mM EDTA) followed by filtration through 0.66 pm nitex
mesh and red blood cell lysis with ACK lysis buffer.

Cell culture and stimulation. Splenocytes from 10-week-old mice
were Celltrace Violet-labeled according to the manufacturer’s proto-
col and sorted into complete growth media (RPMI, 10%FBS, HEPES,
Penn/Strep, NEAA, Na-Pyruvate, 2-ME). Cells were plated at 1 x 10°
cells/mL in 96-well culture plates at 200 pL/well. Cultures were sup-
plemented as indicated with CpG DNA (0.1 uM), IL-4 (100 ng/mL),
IL-5 (100 ng/mL), and rapamycin (2 nM). Cultures were incubated at
37°C, 5% CO, for the indicated times.

Tat-Cre treatment. Splenocytes were washed in serum free media
(SFM) (RPMI, HEPES, Penn/Strep, NEAA, Na-Pyruvate, 2-ME) and
resuspended in 1 mL 1, 2, or 3 uM Tat-Cre in SFM and incubated at
37°C for 30 minutes. An equal volume of 2x CTV in SFM was then
added and the cells were incubated an additional 15 minutes at 37°C.
The entire reaction was then quenched with 10 volumes of complete
growth media (SFM +10% FBS) and incubated for 10 minutes at 37°C.
Resulting cells were then stained for FACS sorting.

Flow cytometry and sorting. Following RBC lysis, cells were
stained with Zombie-Aqua Fixable Viability kit (BioLegend) accord-
ing to the manufacturer’s protocol and then stained with a cocktail
of appropriate antibodies at optimized concentrations for 30 minutes
on ice. Flow cytometry was performed using Becton Dickinson LSRII
and LSR Fortessa analyzers and cell sorting with BD FACS Aria cell
sorters. Data analysis was performed using Flowjo 10.6.x software.
Steady-state cell populations were twice-sorted by the following
gating strategies as described (16, 76): follicular B: size, singlet, live,
CD19*, AA4.1,, CD23*/CD21/35%%; MZ B: size, singlet, live, CD19*
AA4.1,CD23",CD21/35".

Intracellular staining. Intracellular pS6 staining was performed
using BD Cytofix and BD Phosphlow Perm Buffer III 2-step protocol.
Intracellular Myc expression was analyzed using the Thermo Fisher
Foxp3 Transcription Factor Staining Buffer Kit using the manufactur-
er’s 1-step intranuclear, 96-well plate protocol.

Antibodies. CD23 (B3B4)-PE and -BV421, TCRp (H57-597)-PE, Ter-
119-PE and CD138 (281-2)-PE were purchased from BD Biosciences.
IgD (11-26.2a)-APC-Cy7, CD4 (GK1.5)-PE-Cy7, Ter-119-PE-Cy7, F4-80
(BM8)-PE-Cy7, B220 (RA3-6B2)-BV421, CD1d (1B1)-PE, (1B1)-BV605,
and CDI138 (281-2)-BV605 were purchased from BioLegend. Myc
(c-Myc, D84C12)-PE and pS6(S235/236) (D57.2.2E)-PE-Cy7 were pur-
chased from Cell Signaling Technology. AA4.1-APC, CD21/35 (8D9)-
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PE-Cy7, IgM (11/41)-PerCP-ef710, and CD8a (53-6.7)-PE and -PE-Cy7
were purchased from eBioscience (Thermo Fisher Scientific). CD19
(6D5)-APC-Cy5.5 and F4-80 (BMS8)-PE were purchased from Invitro-
gen. B220 (RA3-6B2)-APC was purchased from Tonbo Biosciences.

RNA sequencing. Cell populations were sorted directly into Trizol
with 0.5% 2-ME and held at-80°C until RNA preparation. RNA was pre-
pared by published Trizol RNA-extraction protocol (Thermo Fisher Sci-
entific). RNA was coprecipitated using glycogen as a carrier. RNA was
quantified using Qubit RNA high sensitivity fluorometric assay. cDNA
was prepared using Takara Clonetech SMART-Seq HT Kit according to
protocol using 500 to 1000 ng RNA as input. cDNA was quantified and
qualified using high-sensitivity DNA assay on an Agilent 4200 Tapesta-
tion. RNAseq libraries were constructed using the Illumina Nextera XT
kit with 150 ng cDNA input. Libraries were quality controlled and quan-
tified by Tapestation and pooled at equal molar ratio prior to sequencing
on Illumina Nextseq500 (75 bp SE v2) machines.

Pseudoalignment and gene expression. Transcript abundance was
computed by pseudoalignment with Kallisto (77). Transcript per mil-
lion (TPM) values were normalized and fitted to a linear model by
empirical Bayes method with the Voom and Limma R packages (78,
79) and differential gene expression was defined as a Benjamini-Hoch-
berg corrected P value of less than 0.05 and fold change greater than 2
unless otherwise noted.

Gene ontology cluster envichment. GO analysis was performed using
the DAVID Bioinformatics Resources 6.8 (NIAID, NIH) as well as
ClueGO and Cytoscape using enrichment score calculation from Bon-
ferroni step-down adjusted P values less than 0.05 to define enriched
terms and clusters of terms, choosing the term with highest number
of represented genes as founder term for each cluster. Nondescriptive
or overly general terms were disregarded in favor of the term with the
next highest number of genes represented (80-82).

Gene-set enrichment analysis. GSEA was performed using the
Broad institute GSEA java tool with both curated gene sets and our
described investigator-defined gene sets (83, 84).

ELISpot assay. ELISpot assay plates (Millipore MSIPN4W50) were
coated with capture goat anti Ig-heavy/Ig-light antibody (Southern
Biotech 1010-01) at 10 pg/mL and blocked with complete growth
media (RPMI, 10%FBS, HEPES, Penn/Strep, NEAA, Na-Pyruvate,
2-ME). Cells were FACS sorted directly into complete growth media
at indicated cell number or at 10° cells/well and serially diluted and
incubated overnight. Biotinylated goat anti IgKappa plus IgLambda
(Southern Biotech 1050-08, 1060-08) capture antibody was used at
0.1 pg/mL. Streptavidin alkaline phosphatase was used at 1:10,000
final dilution. Spots were developed using BCIP/NBT liquid substrate
and 1M sodium phosphate stop solution. Image capture, counting, and
quality control were performed using the CTL Immunospot Analyzer
and software (Cellular Technologies Limited).

Statistics. Statistical analyses for all flow cytometric and ELIS-
pot-based analyses were performed using GraphPad Prism 9. Students
t tests were used for pairwise comparisons and 1- and 2-way ANOVA
were used for multicolumn and multilevel comparisons, respective-
ly. Posttests for multiple comparisons were chosen based on highest
statistical power for each experiment based on the comparisons being
made. RNAseq data analyses were performed within the R statistical
environment, including the limma package where differential expres-
sion was defined by fitting a linear model and testing by the eBayes
method with Benjamini-Hochberg correction for multiple compari-
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sons. Unless noted, differential expression was defined by adjusted P
less than .01 and a log, fold change of at least 1. GSEA was performed
with GSEA 4.1 using at least 1000 gene-set permutations to gener-
ate FDR ¢ values. Geno-ontology analysis was performed with the
ClueGO 2.2.5 plugin and Cytoscape 3.4.0 using a Bonferroni’s step-
down adjusted P value cutoff of 0.05 for enriched pathways.

Study approval. All animal procedures were approved by the Uni-
versity of Pennsylvania Office of Regulatory Affairs.

Data availability. RNAseq data are available in the NCBI Gene
Expression Omnibus (GEO) under the following accession numbers:
GSE180174 (study superseries); GSE180170: Cell-cycle inhibition
PC induction; GSE180172: Notch Blockade MZ and follicular B cells;
GSE180173: Tscl-deficient MZ and follicular B cells.
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