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Abstract: Notch2 signaling has a profound role in driving the development of marginal zone
B (MZB) cells. We could show recently that FoB cells act as precursors for MZB cells in mice,
however, the mechanism of this differentiation is still elusive. Our current study revealed that
Venus expression in CBF:H2B-Venus reporter mice, which is a proxy for Notch signaling,
increases progressively with B cell maturation and is highest in MZB cells, suggesting that
most peripheral B cells receive a Notch signal and cells with the highest signal preferably
develop into MZB cells. Interestingly, Venus expression is heterogeneous in the MZB pool,
indicating a loss of Notch signaling over time. Our data also revealed an interplay of antigen
induced activation with Notch2 signals, in which FoB cells that turn off the Notch pathway
enter GC reactions, whereas B cells with high Notch2 signals undergo MZB and plasmablast
differentiation. While Notch2 signaling is dispensable for the initiation of the GC reaction, it
supports switching to IgG1+ cells in the GC. Integration of our experimental data into a
mathematical modelling framework revealed that antigen activation induces a binary cell-fate
decision in FoB cells, to differentiate into either GC or MZB cells. The newly generated MZB
cells have a short life span and are sustained by influx of antigen activated B cells. Our findings
demonstrate that MZB cell generation is a systematic response to TD immunization and
provide for the first time a detailed quantitative map of their dynamics during an ongoing TD
immune response.
One-sentence summary: In antigen-activated FoB cells, ablation of Notch2 does not interfere
with GC formation, but obstructs the production of IgG1+ GC B cells, whereas induction of
Notch2IC inhibits the GC reaction and drives MZB and plasmablast differentiation instead.
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Introduction
Mature splenic B lymphocytes are comprised of two distinct cell populations: Follicular B
(FoB) and marginal zone B (MZB) cells, which differ in their immunological function and
anatomical localization. FoB cells recirculate between lymphoid organs, whereas MZB cells
are mostly sessile in the marginal zone (MZ) and can occasionally migrate between the B cell
follicle and the MZ (1, 2). These mature naïve B cells usually remain in a resting state, until
they encounter a cognate antigen that triggers their activation. MZB cells respond to T-cellindependent (TI) antigens by proliferation and production of plasma cells (PC) that secrete
low-affinity IgM antibodies (3, 4). In contrast, FoB cells respond to T-cell-dependent (TD)
antigens, requiring close cell-to-cell contact between activated B and T cells (5-7). Upon
activation, FoB cells give rise to intrafollicular structures called germinal centers (GC). Here,
they undergo class switching and somatic hypermutation to improve their antigen specificity,
resulting in the generation of high-affinity Ig-switched PC and memory B cells (8, 9).
The long-established model suggests that upon rearrangement of their B-cell-receptors (BCR),
immature B cells leave the bone marrow and migrate to the spleen as transitional B cells, where
they undergo a cell fate decision to differentiate either into FoB or MZB cells (10-14).
Nevertheless, it has also been suggested that MZB cells originate from FoB cells, in particular
FoB-II cells (15-17). We could recently strengthen this hypothesis by showing that the adoptive
transfer of highly purified FoB cells into immunocompetent recipients led to the generation of
donor-derived MZB cells via an intermediate MZ precursor stage. Interestingly, the
transplanted FoB cells successfully established the physiological ratio of MZB to FoB cells
over time (18). Very recently it has been demonstrated that the FoB to MZB transdifferentiation
is Notch2-dependent (19). Even though these data provided strong evidence that FoB cells act
as precursors for MZB cells, it remained elusive how this differentiation process is controlled.

3

bioRxiv preprint doi: https://doi.org/10.1101/2022.06.13.495961; this version posted June 21, 2022. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

It has been shown that constitutive active Notch2-signaling in B cells has a strong
differentiation-inducing potency, shifting transitional type 1 (T1) B cells and FoB cells towards
the MZB cell lineage (18, 20). In contrast, conditional inactivation of Notch2 in B lymphocytes
or its ligand Dll-1 in non-hematopoietic cells leads to loss of MZB cells (21, 22). Accordingly,
a profound reduction of MZB cells was observed in heterozygous Notch2wt/fl//CD19-Cre and
Dll-1wt/fl//CCL19-Cre mice, indicating a strong dependence of MZB cell development on
ligand/receptor dosage. To this end, we conclude that Notch2-signal strength, which may be
regulated by the amount of Notch2 receptor expression on the cell surface (21) and its
modification by members of the Fringe family (23, 24) as well as the availability of Dll-1expressing fibroblasts in the B cell follicle (25), regulates MZB cell development. In addition,
the interplay between Notch2 and BCR-signaling has been also shown to positively control
MZB cell development (10, 13, 26-28). We demonstrated recently that Notch2 cell surface
levels are strongly upregulated by BCR-stimulation of murine FoB cells (18). Moreover,
research provided by others showed that BCR-signaling induces the recruitment of Adam10 to
the plasma membrane and thus enhances the cleavage and subsequent activation of the Notch2receptor (29). Taken together, these findings imply that BCR signaling acts upstream of
Notch2-signaling, resulting in the upregulation of the Notch2-receptor and its downstream
activity. Therefore, we had a reason to suspect that B cell activation is a necessary quality of
FoB cells, to reach an above-threshold Notch2-signaling activity and to ultimately differentiate
into MZB cells.
By studying the Venus expression in different B cell populations of CBF:H2B-Venus Notchreporter mice, we now demonstrate that almost all B cells receive a Notch-signal under steadystate conditions, and this signal is the strongest in MZB cells. Moreover, we provide evidence
that induction of Notch2-signaling upon TD-immunization navigates cells away from the GC
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reaction and induces PC and MZB cell differentiation instead, thus making the Notch2
signaling pathway an important binary switch between two opposed B cell fates.

Results
All B lymphocytes receive a Notch signal under steady-state conditions
To investigate which B cell populations get a Notch signal, we analyzed B lymphocytes in the
bone marrow (BM) and spleen of CBF:H2B-Venus mice (30), which express Venus in all cells
that receive a Notch signal. We found that almost all B cell populations in the BM were Venus+,
with recirculating B cells (CD43-B220high) having higher Venus expression than pro-B
(CD43+B220low), pre-B and immature B cells (CD43-B220low). Further subdivision of
CD43+B220low cells in Hardy’s fractions A to C′ revealed that only a minor portion of cells
from fractions A and B expressed lower levels of Venus than the remaining developing B cell
populations, suggesting that Notch activity starts in very early stages of B cell development
(Fig. 1A).
Immature B cells from the BM arrive in the spleen as transitional (T1) B cells
(AA4.1+B220+IgMhighCD23-) and further mature into T2 (AA4.1+B220+IgMhighCD23+) and T3
(AA4.1+B220+IgM+CD23+) cells. T2 B cells can undergo a cell fate decision to become either
FoB (AA4.1−B220+CD23+CD21low) or MZB cells (AA4.1−B220+CD23lowCD21+) (10, 11).
During B cell maturation in the spleen, Venus expression gradually increased from T1 over T2
to T3 cells, and continued to get higher in FoB and MZB cells. Although Venus expression
was the highest in MZB cells, a fraction of them appeared to have lost their Venus signal,
suggesting that there are some MZB cells which downregulate or turn off Notch signaling over
time (Fig. 1B). This was in accord with our immunohistochemical staining, showing that some
MZB cells are indeed Venus− (Fig. 1C).
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Fig. 1. All B lymphocytes receive a Notch signal. (A) Live B220+ lymphocytes in the BM of
CBF:H2B-Venus mice were subdivided in pro- and early pre- (CD43+B220low), late pre- and immature
(CD43lowB220low) and recirculating (CD43−B220high) B cells. CD43+B220low lymphocytes were further
separated into Hardy‘s fractions A-C´ (31). (A-B) The histogram overlays show Venus expression in
the gated cell populations. n=5. (B) Splenic transitional B cells were gated as AA4.1+B220+ and
subdivided into T1-T3 cells according to their CD23/IgM expression. Mature B cells were gated as
AA4.1−B220+ and further separated into FoB (CD23+CD21low) and MZB cells (CD23lowCD21high). (C)
Immunofluorescence analysis of splenic sections, stained for MZB cells (IgM+, red), FoB cells (IgD+;
blue) and metallophilic macrophages (MOMA1+; blue). Venus-expressing cells (green) are directly
visualized without antibody staining. n=3.
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Venus is downregulated in GC B cells, IgG1+ B cells and plasma cells
To analyze the Venus expression in B cell populations that specifically arise during the primary
immune response to a TD antigen, we injected CBF:H2B-Venus mice with 4-Hydroxy-3nitrophenylacetyl-Chicken Gamma Globulin (NP-CGG) and subsequently analyzed them 7
and 14 days post immunization (p.i.). The Venus signal was progressively downregulated in
most germinal center (GC) B cells, compared to non-GC B cells (Fig. 2A). Furthermore, we
found that only a small portion of GC B cells was still Venushigh, with a higher percentage of
Venushigh cells at day 7 than at day 14 p.i. (Fig. S1A). The immunohistochemical staining for
GC B cells was in accordance with our FACS data, showing that the GC structures were mostly
Venus−, with only a few Venus-bright GL7+ cells detected. (Fig. 2B). Especially at day 14, the
Venushigh GC B cells were enriched in the light zone (LZ), whereas Venusmid and Venusneg cells
were preferentially found in the dark zone (DZ) (Fig. S1B). We then analyzed the Venus
expression in the main outputs of the GC reaction – PCs and IgG1-switched B cells. Venus
expression was strongly reduced in splenic TACI+CD138+ PCs (Fig. 2C) and histology for Irf4
-expressing cells re-confirmed this finding (Fig. 2D). Although most PCs had completely shut
off the Venus signal, a small portion of TACI+CD138+ cells still showed high Venus
expression. A great proportion of these cells also expressed CD19 and B220, suggesting they
are (pre-) plasmablasts rather than mature PCs (Fig. 2C). Venus expression was also strongly
downregulated in IgG1-switched B cells, both with a GC (CD38−) and non-GC (CD38+)
phenotype. However, a fraction of IgG1+ cells showed an intermediate Venus expression, and
some CD38+IgG1+ non-GC cells even had high Venus levels. The percentage of
CD38+IgG1+Venushigh cells increased in the course of the immune reaction (Fig. 2E),
suggesting that either some memory B cells receive a Notch signal in the periphery after leaving
the GC, or these are the cells which are positively selected in the light zone to leave the GC as
switched memory B cells.
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Fig. 2. Venus is downregulated in most GC B cells, IgG1+ B cells and mature PCs. FACS plots are
pre-gated on live lymphocytes (day 7 p.i.) n≥3. (A) The histogram shows an overlay of Venus in GC
(CD95highCD38low) and non-GC B (CD95lowCD38+) cells. The graph summarizes median fluorescent
intensities (MFI) of Venus in the analyzed populations. ****p<0.0001, Tukey’s one-way ANOVA of
logarithmized MFI values. (B) Sections were stained for GCs (GL7+; red), T cells (Thy1.2+; blue) and
metalophillic macrophages (MOMA1+; blue) 7 days p.i. Scale bar represents 50 µm. n=2. (C)
Splenocytes were pre-gated using a large lymphocyte gate and analyzed for PCs (TACI+CD138+). The
histogram shows an overlay of Venus expression in PCs and B220+CD19+ B cells, gates and percentages
refer to the green histogram of the PCs gated as in the plot. Contour plots depict the CD19/B220
expression in Venushigh and Venusmid+low PCs (TACI+CD138+). (D) Staining of splenic sections to detect
plasmablasts and plasma cells (Irf4+; pink) and basement membranes of endothelial cells (Laminin;
blue) 7 days p.i. Scale bar represents 50 µm. n=2. (E) Splenic IgG1+ B cells were gated as
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B220+IgD−IgM−IgG1+ and further subdivided into GC (CD38−) and non-GC (CD38+) cells. The
histogram shows an overlay of Venus in IgG1+ GC and non-GC B cells, compared to IgD+ B cells. The
gate and percentage refer to Venushigh cells among IgG1+CD38+ cells. The graph compiles the
percentages of VenushighIgG1+CD38+ non-GC cells. *p=0.017, Welch’s unpaired t-test. d7 n=4, d14
n=3.

Generation of GC B cells is impaired by Notch2IC induction, but not by Notch2
inactivation
So far, our data revealed that most B cells receive a Notch signal, but Notch signaling is
downregulated in the GC. To further study the influence of Notch signaling on the GC reaction,
we immunized conditional transgenic mice in combination with the γ1-Cre strain (32), in which
the Notch2-receptor is deleted (N2KO//CAR) or constitutively activated (N2IC/hCD2) upon
TD immunization with NP-CGG. As controls, we used control/CAR mice, in which the
reporter human coxsackie/adenovirus receptor (CAR) is expressed upon Cre-mediated
recombination (33). To trace the B cells that successfully underwent Cre-mediated
recombination of the loxP-flanked regions, we used the reporter gene CAR in the N2KO//CAR
and control/CAR mice, and hCD2 (truncated version of the human CD2) in N2IC/hCD2 mice.
The mouse strains are described in Materials and Methods and in Fig. S2A in more detail.
Upon intraperitoneal injection with NP-CGG, the deletion efficiency of the targeted regions
was comparable in all mouse strains. Reporter+ B cells in the spleen were detected at day 7 p.i.
and their amounts peaked at day 14, followed by a decline to 2% at day 30 (Fig. S2B). Although
all mice had similar percentages and kinetics of reporter+ B cells, mice with induced Notch2IC
expression were unable to generate GC B cells (Fig. 3A). Thus, only a few GC B cells
(CD38lowCD95high) could be detected in these animals, most of which were reporter− (Fig. 3B).
In addition, immunohistochemistry revealed only small GC structures, which were not
localized at the T-/B-cell border in N2IC/hCD2 mice (Fig. 3C). In contrast, N2KO//CAR mice
9
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generated similar amounts of GC B cells like control/CAR animals, which clustered into
structures with correct localization inside the splenic follicle (Fig. 3A-C). These data suggest
that functional Notch2 signaling is not necessary for GC B cell differentiation, but strong
Notch2IC signaling activity interferes with proper GC formation.

Fig. 3. Antigen-induced Notch2IC expression inhibits GC formation (A) Splenic B220+ B cells were
analyzed for GC B cells (CD95+CD38low). FACS plots are pre-gated on live lymphocytes and are
representative for day 7 p.i.. (B) The graph on the left compiles the percentages of total GC B cells in
the spleen of mice from the indicated genotypes at the indicated time points p.i.. The graph on the right
shows a summary of the percentages of reporter+ B cells with a GC B cell phenotype. (C)
Immunofluorescence analysis of splenic sections from mice of the indicated genotypes 7 days after
immunization. Sections were stained for GC cells (GL7+; green), B cells (B220+; red) and T cells
(Thy1.2+; blue). Images were obtained with the Leica TCS SP5 II with a HCX PL APO CS 203 objective
and LAS AF software. Scale bar represents 50 µm. n=4. (D) Graphical summary of median fluorescent
intensities (MFI) of Notch2 cell surface expression on purified FoB cells at indicated time points after
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α-IgM and α-CD40 stimulation. n=5, except for 5h where n=2. ****p ≤ 0.0001, Tukey’s 1-wayANOVA. (E) Fold induction of Notch2 (MFI) in the control/CAR+ CD38/CD95 subpopulations relative
to its expression (MFI) in CAR− B cells. d7 n=5, d14 n=6. *p=0.011, **p=0.001 and ****p≤0.0001,
Sidak’s 2-way-ANOVA.

Notch2 surface expression is upregulated on activated FoB cells of control/CAR animals
Next, we analyzed whether the Notch2 receptor expression on the cell surface varies in
different B cell subsets from control/CAR animals. We found a strong upregulation of Notch2
on purified FoB cells upon a combined CD40- and BCR-stimulation in-vitro. This upregulation
started early and peaked between 24h and 48h of stimulation (Fig. 3D, S3A). Moreover, we
detected a clear upregulation of Notch2 on the surface of reporter+CD38+CD95+ non-GC B
cells, while CD38−CD95+ GC B cells progressively downregulated the Notch2 surface levels
over time post immunization, in comparison to CAR− B cells (Fig. 3E, S3B). Thus, our in vitro
and in vivo data suggested that Notch2 surface expression is induced on activated non-GC B
cells upon CD40- and BCR-engagement, whereas it is downregulated in fully differentiated
GC B cells, fitting well with the findings in immunized CBF:H2B-Venus, N2KO//CAR and
N2IC/hCD2 mice.
Inactivation of Notch2 reduces the amounts of IgG1-switched GC B cells
Since N2KO//CAR mice did not show any impairment in GC B cell differentiation, we
analyzed whether lack of Notch2 influences other aspects of the TD immune response. We
found that the percentages of splenic reporter+CD138+B220− PCs were slightly decreased in
N2KO//CAR mice compared to control/CAR animals at day 7 p.i., whereas no difference was
observed at later time points (Fig. 4A). Moreover, the frequencies of total reporter+IgG1+ B
cells were decreased in N2KO//CAR mice, in comparison to controls at day 14 p.i. (Fig. 4B).
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Fig. 4. Inactivation of Notch2 leads to reduced percentages of IgG1+ GC B cells. (A) Representative
FACS plots for a plasma cells (PCs) staining at day 7 p.i.. Splenocytes were pre-gated using a large
lymphocyte gate. Reporter+ cells were analyzed for the differentiation into PCs (B220−CD138+). The
graph compiles the percentages of reporter+ PCs at indicated time points. *p=0.024, Sidak’s 2-wayANOVA. n≥7. (B) Representative FACS plots from day 14 p.i. to determine reporter +IgG1+IgM− B
cells. The plots are pre-gated on B220+ B cells. The graph compiles the percentages of reporter+IgG1+
cells at the indicated time points. ***p=0.0002, *p=0.040, Sidak’s 2-way-ANOVA. (C)
Reporter+IgG1+IgM− B cells were separated into GC (CD38−) and non-GC (CD38+) B cells. The stacked
bar chart shows the fractions of GC (green) and non-GC (pink) B cells as part of the total IgG1+ B cells
in total cell numbers at day 14 p.i. **p < 0.005, Sidak’s 2-way-ANOVA.
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The observed reduction was due to a strongly diminished proportion of reporter+CD38−IgG1+
GC B cells (Fig. 4C). In sum, our data imply that lack of Notch2 leads to an impaired IgG1
class switch recombination (CSR) in GC B cells during the course of the immune reaction.
N2IC-expressing cells upregulate Irf4, but fail to induce Bcl6
Further analysis of the phenotype of N2IC/hCD2+ B cells revealed that over 90% of
N2IC/hCD2+ cells uniformly expressed high CD38 levels, but varied in their CD95 expression
(Fig. 5A-B). Intracellular staining for the transcription factors Irf4 and Bcl6, which are key
regulators of PC and GC differentiation respectively, revealed an inverse regulation in
N2IC/hCD2 and control/CAR mice. Most control/CAR+ B cells strongly induced Bcl6
expression, but kept Irf4 levels very low, consistent with their GC B cell phenotype. In contrast,
N2IC/hCD2+ B cells did not upregulate Bcl6, but showed a strong induction of Irf4 (Fig. 5C).
Even though most N2IC/hCD2+ cells were Irf4+, there was a second fraction, which was
Irf4high. This fraction was also detected in reporter+ cells from control/CAR mice. The Irf4high
cells were uniformly B220− in both genotypes (Fig. 5D), pointing to a plasmablast/plasma cell
phenotype. The frequencies of B220−Irf4high cells were higher in N2IC/hCD2 than in
control/CAR mice (Fig. 5E). Immunohistochemistry revealed that the enriched Irf4high cells
were predominantly located in the extra follicular regions between neighboring B cell follicles,
where plasmablasts (PB) and short-lived PCs are usually located (Fig. 5F).
Together, these findings indicated that N2IC-expression led to the upregulation of Irf4 and
prevented the upregulation of Bcl6, thus diverting B cells away from the GC reaction and
leading them towards PC differentiation instead.
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Fig. 5. N2IC/hCD2+ cells upregulate Irf4, but fail to induce Bcl6. FACS plots are pre-gated on live
lymphocytes (day 7 p.i.). n≥6. (A) Splenic reporter+B220+ B cells were analyzed for their GC phenotype
(CD95+CD38low). Overlays between reporter+ B cells (red) and total B220+ cells (grey) are shown. Gates
and percentages refer to the reporter+ population. (B) Histograms depict the overlays of CD38 and CD95
expression in reporter+ B cells from N2IC/hCD2 (blue) and control/CAR mice (black), compared to
reporter− B cells (grey). (C) Histograms show the overlay of Bcl6 and Irf4 expression in reporter +
lymphocytes (black: control/CAR+, blue: N2IC/hCD2+) and reporter− lymphocytes (grey). (D)
Irf4/B220 expression in reporter+ lymphocytes. Two distinct subpopulations were identified:
Irf4highB220low

and

Irf4midB220+.

(E)

Summary

graph

depicting

the

percentages

of

reporter+Irf4highB220low cells at indicated time points. ****p<0.0001, Sidak’s 2-way-ANOVA. (F)
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Immunofluorescence analysis of splenic sections, stained for (pre-) plasmablasts and plasma cells
(Irf4high; green) and B cells (B220+; red). Scale bar represents 50 µm. n=3. (G) The staining was
performed after fixation and permeabilization of the cells. FACS plots are pre-gated on live
lymphocytes. Reporter+ cells were separated into Blimp1highIrf4high mature PCs and Blimp1lowIrf4high
PB. The overlay shows the Irf4/Blimp1 expression of control/CAR+ (grey) and N2IC/hCD2+ cells
(blue). The stacked bar chart compiles the percentages of Blimp1highIrf4high and Blimp1lowIrf4high cells
in both genotypes at day 7 p.i. n=5. ****p<0.0001, Sidak’s 2-way-ANOVA.

N2IC-expressing cells produce bursts of IgM+Irf4highBlimp1low plasmablasts
To further characterize the differentiation stage of Irf4highB220− cells in N2IC/hCD2 mice, we
analyzed the expression of mature PC differentiation factor Blimp1. N2IC-expressing cells
showed an attenuated upregulation of Blimp1 in comparison to controls, suggesting that most
Notch2IC/hCD2+Irf4highB220−cells remained plasmablasts and did not further develop to
mature PCs (Fig. 5G). This correlates well with the Venus expression in Notch-reporter mice,
in which we detected high levels of Venus in pre-plasmablast and plasmablasts, but a low
Venus expression in terminally differentiated PCs. Taken together, our results indicate that
Notch-signaling initiates PC differentiation, but has to be turned off to allow for the final stages
of PC maturation. Interestingly, ELISpot analysis of the spleen disclosed increased frequencies
of NP-specific IgM cells, but strongly reduced NP-specific IgG1 and IgG3 cells in N2IC/hCD2
mice, in comparison to controls at day 7 p.i. (Fig. S4A). A similar trend was visible in the BM,
where amounts of NP-specific IgM+ cells were increased and the frequencies of IgG1+ cells
were decreased (Fig. S4B). Taken together, these data suggest that a strong Notch2IC-signal
drives cells towards extra follicular plasmablast production, most of which are short-lived
(Blimp1low), unswitched, IgM-producing cells.
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Some antigen-activated N2IC-expressing B cells differentiate into MZB cells
In contrast to control animals, IRF4midB220+ cells in N2IC/hCD2 mice were clearly Bcl6− and
expressed higher levels of Irf4 (Irf4mid) (Fig. 6A-B). Considering the role of induced
constitutively active Notch2 signaling in the differentiation of FoB into MZB cells under
steady-state conditions (18), we suspected that these cells may adopt a MZB cell phenotype
over time. Indeed, at day 7 after immunization, a high percentage of N2IC/hCD2+Irf4+B220+
cells had a MZB cell phenotype according to their CD21/CD23 surface expression (Fig. 6C).
The amounts of N2IC/hCD2+CD21highCD23low cells increased with ongoing time after
immunization (Fig. 6D, S5). In parallel, these cells also increased their size (FSC) and
upregulated IgM, CD1d and CD38 (Fig. 6E), which is fully in accord with the published MZB
cell surface phenotype (CD23lowCD21highIgMhighCD1dhighCD38high). Moreover, the N2ICexpressing cells migrated towards the marginal zone. Some N2IC/hCD2+ cells were still
located in the middle of the follicle at day 7. However, with ongoing time post immunization,
progressively more of these cells were localizing in the MZ (Fig. 6F). By day 30, most of the
N2IC/hCD2-expressing cells were at their defined splenic location, forming a MZ ring around
the follicle. In sum, our data imply that Notch2IC induction in FoB cells upon TD antigen
activation not only caused a shift towards the MZB cell surface phenotype, but also guided the
newly generated MZB cells to their correct splenic localization.
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Fig. 6. N2IC/hCD2+ B cells differentiate into MZB cells with proper surface phenotype and splenic
localization. (A) Reporter+ lymphocytes were separated into B220lowIRF4high and B220+Irf4mid/low cells.
FACS plots are pre-gated on reporter+ live lymphocytes. (B) Histograms show overlays of Bcl6
expression in reporter+B220+Irf4mid cells (red) and B220lowIRF4high PB (grey). (C) Gating of MZB
(CD21highCD23low) and FoB (CD23highCD21low) cells in N2IC/hCD2 mice. The left plot is gated on
B220+ cells, the right plot is gated on N2IC/hCD2+B220+Irf4mid cells. (A-C) FACS plots are
representative

for

day

7

p.i.

n≥4.

(D)

Graphical

summary

of

the

percentages

of

N2IC/hCD2+CD21highCD23low MZB cells at indicated time points. The gating strategy is shown in
figure S5 (d7 n=12, d14 n=9 and d30 n=7). *p=0.023, ***p=0.0003 and ****p<0.0001, Tukey’s 1way-ANOVA. (E) Histogram overlays of the expression of indicated markers within N2IC/hCD2+
MZB cells and total splenic hCD2− B cells (blue lines) at day 7 p.i., compared to total MZB and FoB
cells from unimmunized (UI) N2IC/hCD2 animals (greyscales). n=9. (F) Chromogenic
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immunohistochemical analysis for the hCD2 expression at the indicated time points. Splenic sections
were stained for hCD2 (blue) and for basement membranes of endothelial cells lining the MZ sinus with
Laminin (brown). n=3 per time point.

Generation of cells with a MZ phenotype during the primary immune response is
Notch2-dependent
We next asked whether MZB cell differentiation occurs only in the transgenic setting or also
physiologically in the course of TD immune responses. To answer this question, we proceeded
to analyze control/CAR mice for the appearance of reporter+ cells with a MZB cell phenotype
upon immunization. Indeed, we found reporter+CD23lowCD21high B cells in the spleen of
control/CAR mice. The percentages of these cells gradually increased with ongoing time post
injection (Fig. 7), ranging between 2-10% over the total observation period.

Fig. 7. Notch2 signaling is necessary for the generation of reporter+ cells with a MZB phenotype.
Representative FACS analysis of reporter+CD21highCD23low MZB cells (red) overlaid with total B220+
B cells (grey) in control/CAR and N2KO//CAR mice. The graph summarizes percentages of reporter +
MZB cells at the indicated time points. Control/CAR mice: d7 n=16, d14 n=17, d30 n=8; N2KO//CAR
mice: d7 n=8, d14 n=7. *p=0.002, **p=0.004, ****p<0.0001, Sidak’s 2-way-ANOVA.

Interestingly, reporter+CD23lowCD21high B cells were significantly reduced in immunized
N2KO//CAR mice compared to controls, implying that the generation of MZB cells in the
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course of the TD immune response is clearly Notch2-dependent (Fig.7). In addition, the newly
generated CAR+ MZB cells exhibited high expression of the typical MZB cell surface markers
CD1d and IgM, similar to the total MZB cells, but contrary to the FoB cells from control/CAR
mice, thus making them completely distinguishable from FoB cells (Fig. S6). Taken together,
our results revealed that there is a gradual generation of CAR+ MZB cells over a time course
of 4 weeks upon TD immunization. Moreover, we could conclusively show that this process is
strongly dependent on functional Notch2-signaling.
Quantitatively mapping B cell dynamics during an active immune response reveals
bifurcation of FoB cells into GC and MZB cell fates
To define the pathways of recruitment of activated B cells into MZB and GC B cell subsets
and to quantify their dynamics during an ongoing immune response, we adopted an integrative
strategy that combines data from our immunization experiments with a deterministic
mathematical modelling approach. We hypothesized that CAR+ MZB cells emerge either from
activated FoB cells (branched pathway) or from cells that have undergone GC reactions (linear
pathway) (Fig. 8A). In both these models, we considered that the activation of MZB cells by
the TD antigen also contributes to the generation of CAR+ MZB cells (see model details in
Fig. S7A-B). Finally, we defined the ‘null model’, in which all the CAR+ MZB cells are
derived purely by the activation of pre-existing MZB cells (Fig. S7C) with no influx from
FoB and GC B cells. In the simplest forms of these three models – branched, linear and null –
we assumed that GC B cells follow neutral dynamics of birth and death i.e. the recruitment of
FoB cells into the GC and the net loss of GC B cells (balance between division and true loss by
death and differentiation) remain constant over time. Alternatively, the sharp increase in GC
B cell numbers and their gradual collapse can also be defined by models in which either the
rate of recruitment of FoB cells into GC or the rate of loss of GC B cells varies with time post
immunization.
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We fitted overall nine mathematical models (3 main models with pathways of MZB cell
generation × 3 sub-models capturing GC dynamics) with the time-courses of counts of CAR+
MZB cells, CAR+ GC B cells and total GC B cells from control/CAR mice (red dots in Fig. 8B).
Additionally, we used data from N2KO//CAR mice (blue dots in Fig. 8B) in which B cell
activation induces Notch2 deficiency and prevents differentiation of CAR+ FoB and GC B cells
into a MZB phenotype. In N2KO//CAR mice, the CAR+ fraction in the MZB subset is driven
by activation of CAR− MZB cells and self-renewal of CAR+ MZB cells. We found strongest
support for the branched model (table S2), in which activated FoB cells either differentiate into
MZB with a constant per capita rate or get recruited into the GC compartment with a timevarying rate. The model predicts rapid turnover of CAR+ MZB cells (mean clonal lifespan < 2
days) (Fig. 8C) and low propensity of MZB cell activation (< 1 in 250 cells, Fig. 8E),
suggesting that the CAR+ fraction in MZB subset is largely sustained by the influx of activated
FoB cells into the compartment (Fig. 8F, left panel). The total influx of FoB cells into the GC
compartment is estimated to be high early on (∼20% at day 4), which then decreases sharply with
time to near 0 by day 10 post immunization (Fig. 8G). In our analysis, the null models with
any combination of sub models of GC dynamics failed to capture the dynamics of CAR− MZB
cells (table S2). However, the linear model with time-dependent recruitment of FoB cells into
GC showed visually similar fits (dotted lines in Fig. 8B) and comparable parameter estimates
(Fig. 8C-G), as that of the best-fitting branched model, despite receiving poorer statistical
support (table S2). Perhaps the true model of generation of MZB cells upon immunization lies
at the intersection of both branched and linear pathways, in which MZB cells emerge from
activated FoB cells early on and are then sustained by differentiation of GC-derived clones into
the MZB phenotype in the later stages.
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Fig. 8. Dynamics of CAR+ MZB and GC B cells during a TD immune response. (A) Schematic of
the models depicting B cell fate decisions during an immune response. (B) Time-course of counts of
CAR+ MZB and CAR+ GC and total GC B cells post immunization in control/CAR (red dots) and
N2KO//CAR (blue dots) mice. Fits from the best-fitting branched model with time-dependence in the
rate of recruitment of FoB cells into GC reactions (smooth lines) with 95% credible intervals
(envelopes). We also show fits from the linear model with time-dependent recruitment, for visual
comparison. For clarity, the envelopes around predictions from the linear model are omitted. (C-G)
Parameter estimates from the branched (purple) and linear (cyan) models with time-dependent
recruitment of FoB into GC B cells. (C-D) Clonal lifespan is defined as the inverse of ‘net loss’ rate,
which determines the ability of a cell and its progeny to exit the compartment by death and
diﬀerentiation. (E) Rate of activation of CAR- MZB cells/100 cells. (F-G) The total inﬂux of CAR+
cells into MZB subset and FoB cells into GC B cells, plotted as % of total MZB and GC pool sizes,
respectively.
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Discussion
The Notch2 ligand Dll-1 is expressed on follicular fibroblasts (25). Therefore, we assume that
B cells continuously receive a Notch2-signal in the periphery and the strength of the Notch2signal determines whether a transitional or a FoB cell differentiates into a MZB cell. To prove
our hypothesis, we analyzed the Venus-expression in B cells from Notch-reporter mice (30).
We found that both immature and mature B cells are Venus-positive, suggesting that B cells
encounter Notch-ligand-expressing cells in the BM, as well as in the periphery. The amount of
Venus was gradually increasing throughout stages of B cell development, culminating with the
highest Venus level in MZB cells, supporting our view that strong Notch2-signaling is a
prerequisite for the development of MZB cells. Surprisingly, a portion of MZB cells
downregulated or completely lost the Venus signal, indicating that MZB cells do not receive a
de novo Notch2-signal in the MZ and therefore lose their Venus-expression with time. By loss
of the otherwise high Notch signal, the Venus-low MZB cells may downregulate their
Sphingosine-1-phosphate-receptors (S1PR1 and S1PR3), and migrate back into the follicles (1,
18). Indeed, inhibition of Notch2-signaling has been shown to drive MZB cells back into the
follicle (34). Alternatively, MZB cells downregulating the Notch-signal could be on the path
towards terminal PC differentiation.
Earlier studies revealed that Notch2 signaling interferes with the GC reaction (20, 35), but
strongly synergizes with the BCR and CD40 pathways to enhance and sustain B-cell activation
(36). This is in line with our observation that (i) Venus expression is strongly and progressively
downregulated in GC B cells of CBF:H2B-Venus mice and (ii) Notch2IC/hCD2-expressing B
cells cannot enter the GC reaction, but adopt a CD38highBcl6− non GC phenotype instead. In
addition, we found that Notch2-receptor expression is upregulated on activated FoB cells,
whereas it is progressively downregulated in GC B cells, suggesting that Notch2 signaling is
inversely correlated with GC B cell differentiation.
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Although most of the GC B cells were Venus-low and thus devoid of Notch signaling, a small
fraction of GC B cells, enriched in the light zone (LZ), still displayed high Venus expression.
These cells may be recipients of a Notch-signal during positive selection of GC B cells. It has
been demonstrated that follicular dendritic cells express high levels of Notch ligands Dll-1 and
Jagged-1, whereas some GC B cells may express Notch1 and Notch2 (37, 38). Our findings
that the numbers of IgG1+ GC B cells were strongly decreased in N2KO//CAR mice in
comparison to controls suggest that during positive selection of GC B cells, some B cells
receive a Notch2 signal which positively influences the generation of IgG1+ cells. In line with
this discovery are earlier in vitro studies showing that Notch-signaling through the Dll1-ligand
greatly enhances the production of IgG1+ B cells from BCR- and CD40-stimulated FoB cells
in vitro (36).
Antigen-induced Notch2IC-expression resulted in the enhanced production of IRF4highB220low
cells, which however, had lower amounts of Blimp1 compared with controls, suggesting that
PC differentiation is attenuated at the plasmablast stage. This is consistent with higher Venus
expression in plasmablasts, than in the terminally differentiated plasma cells, observed in the
CBF:H2B-Venus Notch-reporter mice. We conclude from these findings that Notch signaling
is necessary to initiate PC differentiation, but has to be turned off during the later stages of PC
maturation. It has been suggested earlier that mainly Notch1 positively influences the
generation of PC (36). This may explain why the percentages of PCs were only slightly
decreased in Notch2-KO mice, whereas Notch2IC, which most likely mimics constitutive
active Notch1 and Notch2 signaling, clearly enhanced the entry into PC differentiation.
Lineage tracing of B cells after TD-immunization revealed that a proportion of the antigenresponding cells developed into MZB cells. This process was strongly dependent on Notch2signaling. Earlier studies already hinted towards an antigen-dependent generation of MZB cells
(39-43) and clonally related FoB and MZB cells were identified in rats (44). However, it still
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remains unclear whether these MZB cells originate from GC or pre-GC stages. Our
mathematical modelling analysis favored the pathway in which MZB cells branch out from
activated B cells prior to differentiation into the GC stage. Our data from immunization
experiments in Notch2IC/hCD2 and N2KO//CAR mice suggests that this bifurcation is driven
by the availability of Notch2-mediated signals. We did not explore a more general model in
which both pre-GC and GC B cells differentiate into the MZB phenotype, which remains a
strong possibility. In this scenario, the CAR+ MZB compartment would be a mixture of
‘classical memory’ phenotype B cells with class switched, somatically mutated Igs on their
surface and non-mutated, IgM-expressing ‘antigen-experienced’ cells. This heterogeneity
would be apparent in the single cell BCR repertoire composition of the CAR-expressing MZB
cells generated upon immunization. Interestingly, these results present a possibility that even
at the steady-states, low-level self-antigen induced activation of B cells contributes to continual
development of MZB cells.
Our best-fit branched model predicts that CAR expressing MZB cells are short-lived (<2 days),
and are largely maintained by the influx from activated B cells. We speculate that the
differentiation of CAR-expressing cells into PC phenotype is responsible for their rapid loss
from the MZB compartment. Ongoing Myc expression and mTOR/Notch2 signaling, which
may be highly activated in these cells, has been shown recently to induce rapid division
independent PC differentiation of MZB cells (45, 46). It will be interesting to investigate
whether the CAR+ MZB cells that are still detectable at later time points after immunization
are long-lived MZB cells that are mainly generated from memory B cells. This assumption is
supported by earlier studies showing that 8 weeks after immunization, antigen-specific memory
B cells are equally distributed between the MZ and follicles (47). Our models also suggest that
initial growth of the GC subset is supported by influx from the FoB compartment, which
rapidly falls to near zero within a week post immunization. Thereafter, the expansion and
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contractions of the initial ‘founder’ clonal families may sustain the compartmental size of GC
B cells, which agrees with previous findings (48, 49).
Our new data suggest that the human and murine MZB cell compartment may be more similar
than previously suspected. In humans, the MZB cell compartment seems to be heterogeneous
and the composition of MZB cells appears to change during life. In children under the age of
two, the MZB compartment consists of non-clonal cells with low mutation frequencies. In
contrast, in older children and in adults, MZB cells display clonal relationships and are
hypermutated suggesting that naïve MZB cells are replaced by antigen-experienced cells
during life (50). We postulate that the MZ compartment of young mice strongly resembles that
of young children, but may also change during aging and upon immunization. Therefore, it will
be interesting to explore in the future, whether the clonal composition and frequencies of
hypermutated MZB cells change during aging of mice and whether the ratio of naïve and
antigen-experienced MZB cells can be shifted in favor of antigen-experienced MZB cells by
sequential TD immunizations.
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Materials and Methods
Study Design
The objective of this study was to elucidate MZB cell differentiation in mice. We hypothesized
that there is an interplay between antigen-induced B cell activation and Notch2 signaling
upregulation in the generation of MZB cells during TD immune responses. To examine which
B cell types receive a Notch signal in the steady state and upon activation, we analyzed
CBF:H2B-Venus reporter mice that express Venus upon Notch signaling. The Venus
expression was examined in different resting B cell populations of unimmunized mice, as well
as in GC, plasma cells and memory cells of NP-CGG injected mice in FACS and histology. By
using conditional Notch2IC-KI and Notch2-KO mice in combination with the GC-specific
strain Cγ1-Cre, we followed the fate of transgenic antigen-responding B cells with enhanced
or reduced Notch2 signaling in comparison to controls. The primary immune response was
monitored by FACS, histology, ELISpot and ELISA at different time points after
immunization. In addition, we developed an array of dynamical mathematical models to define
and quantify the generation and maintenance MZB and GC cells during an active immune
response. Throughout the study, control and mutant mice were age-matched and examined in
parallel. Analyses were performed in female and male mice in an unblinded way. All mouse
strains were on Balb/c background and analyzed at 10 to 18 weeks of age. Samples sizes and
statistical analyses are indicated in figure legends.
Antibodies used in this study. The different antibodies used in FACS, ELISA/ELISpot,
and histology, their conjugation, clone name, company and the used dilution are listed in Table
S1.
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Mice
CBF:H2B-Venus reporter mice (30) were purchased from The Jackson Laboratory,
backcrossed into the Balb/c background and further maintained in house. Previously described
R26/CAG-CAR∆1StopF (33) and N2ICflSTOP mice (20) were crossbred to the Cγ1-Cre strain (32)
to generate R26/CAG-CAR∆1StopF//γ1-Cre (control/CAR) and N2ICflSTOP//γ1-Cre mice
(N2IC/hCD2), respectively. Notch2fl/fl mice (23) were mated to the R26/CAG-CAR∆1StopF//γ1Cre animals to obtain the Notch2fl/fl//R26/CAG-CAR∆1StopF//Cγ1-Cre (N2KO//CAR) mice.
Crossbreeding with the Cγ1-Cre animals resulted in inducible deletion of the lox-P flanked
regions in GC and post-GC B cells after antigen injection. The R26/CAG-CAR∆1StopF//γ1-Cre
reporter mice (control/CAR) were used as age- and sex-matched controls for the N2KO//CAR
and N2IC/hCD2 mice. Animals were maintained in specific pathogen-free conditions.
Experiments were performed in compliance with the German Animal Welfare Law and were
approved by the Institutional Committee on Animal Experimentation and the Government of
Upper Bavaria.
Mouse immunizations
To trigger TD immune responses, 10- to 18- week-old mice were injected intraperitoneally
with 100 μg of alum-precipitated 4-hydroxy-3-nitrophenylacetyl (NP)-chicken-gammaglobulin (CCG) (Biosearch Technologies, Novato, CA) in 200 µl sterile PBS (Gibco).
Cell purification and in vitro cultures
Naïve FoB cells of wildtype Balb/c mice were purified from splenic cell suspension using the
MZ and FoB Cell Isolation Kit (Miltenyi Biotech) according to the manufacturer’s instructions.
Cells were cultured for up to 72 h at a density of 5 × 105 cells/ml in flat-bottom 96-well plates
in RPMI-1640 medium (Gibco), supplemented with 10% fetal calf serum (FCS, PAA Cell
Culture Company), 1% L-glutamine, 1% non-essential amino acids, 1% sodium pyruvate and
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50 µM β-mercaptoethanol. With the exception of FCS, all supplements were purchased from
Gibco. An agonistic antibody against CD40 (2.5 μg/ml; eBioscience HM40-3) and an antibody
specific for IgM (15 μg/ml; AffiniPure F(ab′)2 goat anti-mouse IgM, μ-chain, Dianova) was
used as a combined stimulus. Cells were harvested at different time points and analyzed by
flow cytometry (FACS) after staining with an anti-Notch2-PE antibody. Dead cells were
excluded from the analysis by staining them on ice with TO-PRO-3 (Molecular Probes) prior
to the FACS analysis.
Histology
Murine splenic tissues were embedded in O.C.T. compound (VWR Chemicals, USA), snap
frozen and stored at −20 °C. Tissues were sliced with a cryostat with 7 µm thickness, mounted
on glass slides and stored at −80 °C for immunohistochemical (IHC) analysis. Chromogenic
IHC was performed as described by Lechner et al. (18). Microscopy slides were analyzed using
an Axioscope (Zeiss) microscope, equipped with an AxioCam MRc5 digital camera (Carl Zeiss
GmbH). For IF staining, air-dried tissue slides were fixed for 10 min with PBS-diluted 3% PFA
(Histofix, Carl Roth), rinsed with PBS, and rehydrated for 8 min in PBS + 50 mM NH4Cl. For
the staining of the T-/B-cell zone and MZ, splenic sections were blocked with 1% BSA, 5% rat
serum, 5% chicken serum in PBS for 30 min, followed by Avidin/Biotin blocking (Vector)
according to the manufacturer’s protocol. Primary (goat anti-mouse IgM, anti-Thy1.2-Biotin,
anti-MOMA1-Biotin), secondary (chicken anti-goat IgG AF647) and fluorophore-coupled
antibodies (anti-CD19-APC), as well as Streptavidin-AF594, were incubated for 1 h at room
temperature in 0.5% BSA/PBS. For the detection of plasma blasts, tissue sections were
permeabilized and blocked with 0.3% Triton X, 1% BSA and 5% goat serum in PBS for 20
minutes. Primary (rat-anti-mouse Irf4, rabbit-anti-mouse Laminin) and secondary antibodies
(goat-anti-rat AlexaFluor488 or goat-anti-rat AlexaFluor647, goat-anti-rabbit Cy3) were
incubated for 1 h at room temperature in 1% BSA/PBS. Then, directly-coupled antibodies (anti28
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mouse B220-APC) were incubated for 2 h at room temperature, where appropriate. For the
visualization of germinal centers, sections were blocked with 1% BSA and 5% rat serum in
PBS for 30 min. Then, sections were blocked again using the Avidin/Biotin blocking kit. Ratanti-mouse GL-7-FITC or GL7-APC antibody was incubated overnight at 4˚C, the remaining
directly-coupled antibodies (Thy1.2-Biotin, MOMA1-Biotin, B220-APC) and StreptavidinAlexaFluor594 were incubated for 1 h at room temperature in 1% BSA/PBS. Slides were
mounted in ProLong Glass Antifade (Invitrogen). Images were acquired on a TCS SP5 II
confocal microscope (Leica) and picture stacks were composed in ImageJ.
ELISA and ELISpot
NP-specific antibody titers were measured in ELISA, following the procedure described by
Sperling at el., Blood 2019 (51). The absorbance was determined with a microplate ELISA
reader (Photometer Sunrise RC, Tecan) at an optical density (OD) at 405 nm. For correct
quantification of the measured titers internal standards were used, consisting of pooled serums
from six to eight NP-CGG immunized mice. All NP-specific titers are given as log10 relative
units. For antigen-specific ELISpot with splenic or BM cells, 96-well ELISpot plates
(Millipore) were coated overnight at 4°C with NP3– or NP14–bovine serum albumin (BSA;
Biosearch Technologies). Subsequent analyzes were performed as previously described by
Sperling et al. (51). Spots were visualized and counted with the ImmunoSpot Series 5 UV
Analyzer (CTL Europe).
Flow cytometry (FACS)
Single cell suspensions were generated from spleen and BM. Surface staining of lymphocytes
was performed on ice for 25 min in MACS buffer (Miltenyi). For intracellular FACS staining,
cells were fixed with 2% paraformaldehyde (1:2 PBS-diluted Histoﬁx) for 10 min at room
temperature and permeabilized in ice-cold 100% methanol for 10 min on ice. Cells were
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incubated for 1 h at room temperature with the corresponding antibodies. To include only living
cells into the analysis, cells were stained for 5 min on ice with LIVE/DEAD Fixable Blue Dead
Cell Stain Kit (Invitrogen) before fixation of the cells. Cytometry analysis was performed on a
LSRII FACS Fortessa (BD Biosciences). Results were evaluated using FlowJo (Versions 9 and
10).
Statistics
All statistical analyses, including testing for distributions and equal variance, calculations of
means and SDs, determining p-values of 1-way or 2-way ANOVA with multiple comparisons
tests were done with GraphPad Prism (versions 8 through 10). P values of less than 0.05 were
considered significant. *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001. Error bars
in all figures define means ± SD. The applied statistical analysis test is always indicated in the
figure legends. The Prism software was also used to generate all statistical plots.
Mathematical modelling and statistical analysis
We developed an array of dynamical mathematical models (detailed in Text S1) and fitted them
to the counts of CAR+ MZB, CAR+ GC, and total GC B cells in control/CAR (WT) and
N2KO//CAR mice. We used the empirical descriptions of the pool sizes of CAR+ FoB cells
and CAR− MZB cells to define the influx into CAR+ MZB and CAR+ GC compartments
(details in Text S2). Models were validated using the Bayesian statistical approach in the
programming language Stan and predictions were analyzed and plotted in R. Leave-One-Out
(LOO) cross validation method was used to compare and rank the models (details in Text S3).
Code and data used to perform model fitting are freely available at this linked Github
repository.
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Fig. S1. Venus expression in light zone (LZ) and dark zone (DZ) splenic GC B cells.
Fig. S2. Mouse models for GC-B-cell-specific inactivation or constitutive activation of
Notch2.
Fig. S3. Notch2 surface expression on purified FoB cells after in-vitro stimulation and on
CAR+ CD38/CD95 subpopulations after TD immunization.
Fig. S4. NP-specific serum titers and NP-specific plasma cells in the spleen and bone marrow
of N2IC/hCD2 and control/CAR mice.
Fig. S5. CD23/CD21 staining to separate and quantify MZB cells in N2IC/hCD2 mice.
Fig. S6. IgM and CD1d surface phenotyping of CAR+ CD23/CD21 subpopulations of
control/CAR animals.
Fig. S7. Detailed schematics of the 3 main models with pathways of reporter+ MZB cell
generation.
Fig. S8. Empirical descriptions of the dynamics of the numbers of FoB and MZB cells.
Table S1. List of antibodies used in this study.
Table S2. Comparison of models describing population dynamics of MZB and GC B cell
populations upon TD immunization.
Text S1. Mathematical models of B cell dynamics during a TD immune response.
Text S2. Defining phenomenological functions to capture the dynamics of precursor
populations for the GC and CAR-expressing MZB cells.
Text S3. Model ranking and selection criteria.
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