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IL-21 shapes germinal center polarization via light
zone B cell selection and cyclin D3 upregulation

Lina Petersone!®, Chun Jing Wang'®, Natalie M. Edner'@®, Astrid Fabri'®, Spyridoula-Angeliki Nikou'®, Claudia Hinze!®, Ellen M. Ross'®,
Elisavet Ntavli'®, Yassin Elfaki'®, Frank Heuts'®, Vitalijs Ovcinnikovs'@®, Andrea Rueda Gonzalez'®, Luke P. Houghton!®, Hannah M. Li'®,

Yang Zhang?®, Kai-Michael Toellner?®, and Lucy S.K. Walker'®

Germinal center (GC) dysregulation has been widely reported in the context of autoimmunity. Here, we show that interleukin
21 (IL-21), the archetypal follicular helper T cell (Tfh) cytokine, shapes the scale and polarization of spontaneous chronic
autoimmune as well as transient immunization-induced GC. We find that IL-21 receptor deficiency results in smaller GC that
are profoundly skewed toward a light zone GC B cell phenotype and that IL-21 plays a key role in selection of light zone GC
B cells for entry to the dark zone. Light zone skewing has been previously reported in mice lacking the cell cycle regulator cyclin
D3. We demonstrate that IL-21 triggers cyclin D3 upregulation in GC B cells, thereby tuning dark zone inertial cell cycling.
Lastly, we identify Foxol regulation as a link between IL-21 signaling and GC dark zone formation. These findings reveal new
biological roles for IL-21 within GC and have implications for autoimmune settings where IL-21 is overproduced.

Introduction

Germinal centers (GC) are highly dynamic tissue micro-
environments that facilitate the differentiation of long-lived
memory B cells and high-affinity antibody-producing plasma
cells (Victora and Nussenzweig, 2022). While efficient GC re-
sponses represent a cornerstone of lasting humoral immunity
against pathogens, dysregulated GC processes have been impli-
cated in autoimmunity (Vinuesa et al., 2009).

GC formation is typically orchestrated by a specialized subset
of CD4 T cells termed follicular helper T cells (Tfh) in a manner
that is subject to tight regulation by the CTLA-4/CD28 axis. In
the absence of CD28 signaling, CD4 T cells fail to migrate to B cell
follicles and GC do not develop (Walker et al., 1999; Ferguson
et al.,, 1996), while T cells with reduced CD28 expression as a
consequence of gene heterozygosity exhibit reduced Tth dif-
ferentiation in vivo despite overtly normal proliferation (Wang
et al., 2015). Conversely, mice deficient in CTLA-4 are charac-
terized by spontaneous Tth differentiation and the formation of
large chronic GC (Wang et al., 2015), presumably due to dysregu-
lation of CD80 and CD86 that are involved in the GC response
(Salek-Ardakani et al., 2011; Good-Jacobson et al., 2012). Although
the CTLA-4-/- mice exhibited global T cell activation, we found
that interleukin 21 (IL-21) was the CD4 T cell-derived cytokine most
overproduced in this setting of systemic autoimmunity (Wang et al.,
2015). Whether elevated IL-21 is a product or driver of the humoral
dysregulation in CTLA-4 deficient mice remains unclear.

IL-21 is a highly pleiotropic immune modulator with diverse
functionality across a broad range of target cells (Long et al.,
2019; Spolski and Leonard, 2014). Binding of IL-21 to its recep-
tor activates Janus kinase (JAK) 1 and JAK3 signaling pathways,
which facilitate downstream phosphorylation of signal trans-
ducer and activator of transcription (STAT) 1 and STATS, and to
a lesser extent STAT4 and STATS5 proteins (Asao et al., 2001;
Habib et al., 2002; Strengell et al., 2003). In addition to the JAK-
STAT pathways, IL-21 signaling can also activate the mitogen-
activated protein kinase and phosphoinositide 3-kinase (PI3K)
pathways (Zeng et al., 2007; Attridge et al., 2014). The biological
impact of IL-21 signaling has been shown to be highly context-
dependent with both stimulatory and proapoptotic effects
(Mehta et al., 2004), making this cytokine a potent yet complex
immunomodulator.

In the context of GC responses, IL-21 is the archetypal Tth cell
cytokine (Chtanova et al., 2004; Vinuesa et al., 2005) that is
produced from the earliest stages of T cell dependent B cell ac-
tivation (Gonzalez et al., 2018; Weinstein et al., 2016; Zhang
et al., 2018). IL-21 production in GC Tfh undergoing cognate
interaction with B cells is associated with calcium signaling
(Shulman et al., 2014), consistent with the NFAT dependence of
IL-21 expression (Kim et al., 2005), and 30-40% of Tfh are
thought to be synthesizing IL-21 at any one time (Liithje et al.,
2012). Since IL-21 receptor (IL-21R) is highly expressed in Tth
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cells, GC B cells, plasma cells, and at least some subsets of GC-
derived memory B cells, IL-21 has been recognized as an im-
portant regulator of humoral immunity and the GC reaction
(Zhang et al., 2018; Laidlaw et al., 2020; Tangye and Ma, 2020).

While IL-21 is not required for Tth formation (Linterman
et al., 2010; Zotos et al., 2010; Rasheed et al., 2013; Bessa et al.,
2010), it can synergize with other signaling pathways, most
notably IL-6, to enhance Tth cell differentiation and expansion
(Quast et al., 2022; Karnowski et al., 2012; Eto et al., 2011). On the
other hand, B cells are known to be an important target of IL-21
signaling (Linterman et al., 2010; Zotos et al., 2010; Zhang et al.,
2018; Gonzalez et al., 2018; Ozaki et al., 2002). Recent work has
shown that IL-21 can promote B cell activation and expansion
during the early stages of T cell-dependent immune responses
(Dvorscek et al., 2022), adding to long-standing observations
that mice with defective IL-21 signaling form smaller GC that
dissolve more quickly (Linterman et al., 2010; Zotos et al., 2010;
Zhang et al., 2018; Zotos et al., 2021). In addition to its effects on
GC formation, a growing body of evidence now suggests that IL-
21 can also shape B cell identity and modulate cell cycle pro-
gression within established GC (Zotos et al., 2021; Dvorscek
et al., 2022; Gonzalez et al., 2018; Collins and Speck, 2015).
Unsurprisingly, IL-21 has also been reported to shape GC output
by promoting affinity maturation of B cell immunoglobulin
genes and plasma cell differentiation (Zhang et al., 2018; Zotos
et al,, 2010; Linterman et al., 2010; Ozaki et al., 2004).

Consistent with data from murine models, reports describing
patients with loss-of-function mutations in IL-21R-encoding
genes (Erman et al., 2015; Kotlarz et al., 2013; Stepensky et al.,
2015), as well as the only currently known IL-21-deficient pa-
tient (Salzer et al., 2014), have noted impaired humoral re-
sponses characterized by reduced serum IgG and elevated serum
IgE levels and markedly reduced frequencies of class-switched
memory B cells. Furthermore, elevated IL-21 production has
been reported in patients across a wide range of autoimmune
conditions with dysregulated humoral immunity, including type
1 diabetes, rheumatoid arthritis, and systemic lupus erythema-
tosus (Kenefeck et al., 2015; Ferreira et al., 2015; Dolff et al., 2011;
Terrier et al., 2012; Niu et al., 2010; Liu et al., 2012), and IL-21 has
been shown to influence the course of adaptive immune re-
sponses to viral infections (Elsaesser et al., 2009; Collins and
Speck, 2015). Thus, data from both murine and human studies
pinpoint IL-21 as an essential regulator of humoral immunity;
however, much remains to be elucidated about the exact
mechanisms of IL-21-dependent GC regulation.

Given the overproduction of IL-21 in CTLA-4-deficient mice,
we set out to investigate the extent to which this contributed to
dysregulated GC formation by rendering these animals deficient
for IL-21R. By analyzing how T cell/B cell collaboration is im-
pacted by IL-21R deficiency in autoimmune and subsequently
also immunization-induced GC, we reveal key roles for IL-21
signaling in light zone GC B cell positive selection as well as dark
zone inertial cell cycling via IL-21-dependent control of cyclin
D3 expression. We further identify Foxol as one of the pathways
linking IL-21 signaling to GC dark zone formation. These findings
shed light on the normal control of the GC and have implications for
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the dysregulation of B cell responses in autoimmune settings where
IL-21 is overproduced.

Results

IL-21 promotes Tfh and GC B cell differentiation in

CTLA-4-/- mice

To pinpoint which aspects of the chronic GC responses in CTLA-
4-/- mice were regulated by IL-21, these mice were crossed to
render them deficient in IL-21R. We first compared total splenic
Tth and GC B cell populations in CTLA-4-/- and IL-21R-/-
CTLA-4-/- mice and their littermate controls using flow cy-
tometry. Tth cells still formed in the absence of IL-21R, but their
frequencies (Fig. 1 A), as well as absolute numbers (Fig. S1 A),
were reduced compared with age-matched mice lacking CTLA-4
alone. The GC B cell population also showed a marked impair-
ment in the absence of IL-21R expression, as evidenced by the
significantly reduced GC B cell frequencies (Fig. 1 B) and absolute
numbers (Fig. S1B) in IL-21R-/-CTLA-4-/- mice compared with
CTLA-4-/- animals. In the two sets of littermate controls, CTLA-
4+/- and IL-21R-/-, Tth, and GC B cells were present in very low
numbers with no differences between the two groups. The re-
duced GC response in CTLA-4-/- animals lacking IL-2IR ex-
pression was confirmed by confocal microscopy analysis of
tissue sections (Fig. S1 C). Collectively, these data demonstrate
that IL-21 signaling regulates the scale of chronic GC responses
in CTLA-4-/- mice.

CTLA-4-/- GC show impaired dark zone formation in the
absence of IL-21 signaling

Previous reports have shown that IL-21 can downregulate
CXCR4 and upregulate CD86 expression in activated murine
B cells (Yoshida et al., 2011; Attridge et al., 2014). Since low
CXCR4 and high CD86 expression are associated with a light
zone GC B cell phenotype, we hypothesized that, in addition to
their overall reduced GC B cell compartment, IL-21R-/-CTLA-
4-/- mice may exhibit an impaired light zone GC B cell popu-
lation. However, our analysis revealed the exact opposite
(Fig. 2). While GC B cells in CTLA-4~/- mice exhibited dark zone
(CXCR4highCD86!oW) and light zone (CXCR41°“CD86Mgh) pheno-
types at an ~60 to 40 ratio, which is consistent with dark zone
GC B cells dominating GC in wild-type mice and in humans
(Victora et al., 2012), in IL-21R-/-CTLA-4-/- mice, light zone GC
B cells accounted for over 70% of the total GC B cell population
(Fig. 2 A). Furthermore, while the absolute numbers of both
splenic GC B cell populations were significantly reduced in IL-
21R-/-CTLA-4-/- mice when compared with the CTLA-4-/-
group, there was a more pronounced reduction in GC B cells
with a dark zone phenotype (Fig. S1 D). Light zone skewing of GC
B cells in IL-21R-/-CTLA-4-/- mice was further confirmed us-
ing CD83 and CD23 as additional markers of a light zone phe-
notype (data not shown). A greater requirement for IL-21R
signals in GC dark zone development did not reflect elevated
expression of IL-2IR in dark zone GC B cells; instead, IL-21R
expression in CTLA-4-/- mice was higher in light zone GC
B cells (Fig. S1 E) consistent with the delivery of T cell-derived
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IL-21 promotes chronic GC responses in CTLA-4-/- mice. Splenic Tfh and GC B cells were analyzed in 17-21-d-old CTLA-4-/- and IL-21R-/-

CTLA-4~/- mice and their CTLA-4+/~ and IL-21R-/- littermates. (A) Representative flow cytometry plots (top) and collated data (bottom) showing frequency
of Tfh cells (CD3+CD4+FoxP3-BCL6+) in conventional T cells (Tconv; CD3+CD4+FoxP3-). (B) Representative flow cytometry plots (top) and collated data
(bottom) showing frequency of GC B cells (CD19+CD138-BCL-6+) in all B cells (CD19+). Data are collated from 10 independent experiments; n = 7-21;
Kruskal-Wallis test. Mean + SD are shown; ****, P < 0.0001; **, P < 0.03; ¥, P < 0.05; ns, not significant.

IL-21 in this location and in line with previous work in CTLA-
4-sufficient mice (Zhang et al., 2018).

Light zone and dark zone GC B cell localization in situ is
underpinned by the differentiation of chemokine-producing
stromal cells. A subset of dark zone stromal cells produces
CXCL12, which attracts CXCR4-expressing dark zone GC B cells,
while the light zone compartment contains CD35* follicular
dendritic cells (FDC) that produce CXCL13 and aid localization of
the CXCR5*CXCR4" light zone GC B cells (Allen et al., 2004;
Bannard et al., 2013). We, therefore, explored whether the
perturbed GC B cell polarization in IL-21R-deficient CTLA-
4-/- animals was associated with alterations in the GC
stromal compartment. Analysis of spleen sections by confocal

Petersone et al.
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microscopy revealed profound changes in GC organization and
stromal architecture in IL-21R-/-CTLA-4-/- mice. While GC
in CTLA-4-/- mice were subdivided into distinct CD35* light
zone areas, distal to the T zone, and CD35- dark zone areas,
proximal to the T zone, in IL-21R-/-CTLA-4-/- mice, light
zone-associated stroma dominated GC throughout (Fig. 2 B).
Quantification revealed a significant decrease in GC dark zone
area (Fig. 2 C, upper) but not light zone area (Fig. S1 F) in the
absence of IL-21 signaling resulting in skewed GC light zone
proportions (Fig. 2 C, lower). The altered histological appearance
of GC in IL-21R-/-CTLA-4- /- mice was therefore consistent with
the changes observed in GC B cell population composition by flow
cytometry.
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Figure 2. IL-21R deficiency results in a profound GC dark zone defect in CTLA-4-/- mice. (A) GC B cell distribution across dark zone (DZ;
CXCR4Mg"CD86Y) and light zone (LZ; CXCR4'9¥CD86"E") compartments was analyzed in spleens from age-matched 16-21-d-old CTLA-4~/- and IL-21R-/~-
CTLA-4-/- mice. Representative flow cytometry plots (left) and collated data (right) showing frequencies of dark zone and light zone cells in the GC B cell
compartment (CD19+CD138-BCL6+). Data are collated from seven independent experiments; n = 14-16; Kruskal-Wallis test. (B and C) GC stromal com-
partments were analyzed in spleen sections from 18-21-d-old CTLA-4-/- and IL-21R-/-CTLA-4-/- mice. FDC in GC light zone were identified by their CD35
expression. Spleen sections were stained for BCL6 (green), CD35 (red), CD3 (white), and IgD (blue). (B) Representative confocal images of splenic GC from 21-d-
old CTLA-4~/- and IL-21R-/-CTLA-4~/~ mice; scale bar 100 um. (C) Collated data for dark zone absolute area (CD35-, top) and the percentage of GC area
occupied by light zone stroma (CD35+, bottom) in splenic GC (10-11 GC/mouse; each point represents a GC). Data are collated from four independent ex-
periments; n = 5; Mann-Whitney U test. Mean £ SD are shown; ****, P < 0.0001.

IL-21 controls dark zone formation in immunization-induced animals responding to sheep red blood cell (SRBC) immuniza-
GC tion. Immunization-induced GC were smaller in the absence of
To investigate whether the GC dark zone defect observed in IL- IL-21 signaling as previously reported (Zotos et al., 2010;
21R-deficient CTLA-4-/- animals was secondary to the systemic ~ Linterman et al., 2010; Zhang et al., 2018), and Tth frequencies
immune dysregulation seen in the absence of CTLA-4, we were also reduced at some time points (Fig. 3, A and B). Again,
compared GC from disease-free wild-type and IL-21R-/- dark zone GC B cell frequencies and absolute numbers were
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Figure 3. GC B cells are skewed to a light zone phenotype in immunized IL-21R-/- mice. Wild-type (WT) and IL-21R-/- BALB/c mice were immunized
with SRBC and their splenic GC were analyzed 3, 4, 6, 10, or 28 d later along with unimmunized littermate controls (Unimm). (A) Collated data showing
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frequency of GC B cells (CD19+BCL6+) in all B cells (CD19+). (B) Collated data showing frequency of Tfh cells (CD3+CD4+FoxP3-BCL6+) in Tconv
(CD3+CD4+FoxP3-). (C) GC B cell distribution across dark zone (CXCR4"&"CD86!°%) and light zone (CXCR4'°“CD86"g") compartments. Representative flow
cytometry plots (left) and collated data (right) showing frequencies of dark zone and light zone cells in the GC B cell compartment (CD19+BCL6+). Data are
collated from seven independent experiments; n = 5-14; Kruskal-Wallis test. (D and E) GC compartments were analyzed in spleen sections from SRBC-
immunized WT and IL-21R-/- mice 6 d after immunization. FDC in GC light zone were identified by their CD35 expression. Spleen sections were stained for
BCL6 (green), CD35 (red), CD3 (white), and IgD (blue). (D) Representative confocal images of splenic GC from immunized WT and IL-21R-/~ mice; scale bar 100
um. (E) Collated data for dark zone (DZ) absolute area (CD35-) in splenic GC (7-9 GC/mouse; each point represents a GC). Data are collated from three
independent experiments; n = 3; Mann-Whitney U test. (F) WT and IL-21R-/~ mixed bone marrow chimeric mice (MIX) and recipients of just WT or IL-21R-/-
bone marrow were immunized with SRBC and their spleens were analyzed 6 d later. Collated data showing the ratio of dark zone to light zone cells in the GC

B cell compartment. Data are collated from two independent experiments; n = 9-13; Wilcoxon matched-pairs signed rank test. Mean + SD are shown; ****, P <

0.0001; ***, P < 0.001; **, P < 0.01; *, P < 0.05; ns, not significant.

significantly reduced in IL-21R-/- mice when compared with
their wild-type counterparts, and this remained consistent
across a range of timepoints (Fig. 3 C and Fig. S1 G). Consistent
with the flow cytometry data, GC organization and stromal ar-
chitecture in immunized IL-21R-/- mice were altered in situ.
Although both dark zone and light zone areas in individual GC
were reduced in immunized mice lacking IL-21R expression, the
defect in the GC dark zone compartment was more pronounced,
as evidenced by the dominance of CD35* light zone stroma in IL-
21R-/- GC (Fig. 3, D and E; and Fig. S1, H and I). To assess
whether IL-21 promoted GC dark zone formation in a B cell-
intrinsic manner, we constructed bone marrow chimeras con-
taining a 50:50 mix of wild-type and IL-21R-/- hematopoietic
cells. Following reconstitution, these animals were immunized
with SRBC, and frequencies of wild-type and IL-21R-/- light
zone and dark zone GC B cells were evaluated 6 d later. The IL-
2IR-/- GC B cell compartment remained markedly skewed to-
ward a light zone phenotype even in the presence of wild-type
immune cells and stroma, confirming B cell-intrinsic, IL-
21-dependent regulation of GC B cell polarization (Fig. 3 F).
Collectively, these data demonstrate that IL-21 is a key regulator
of the GC B cell dark zone compartment in both chronic and
immunization-induced GC.

IL-21 does not decrease GC B cell apoptosis but promotes
T cell-dependent selection of light zone GC B cells
Apoptosis is prevalent within the GC, impacting up to 50% of GC
B cells over a 6-h period (Mayer et al., 2017) and necessitating
dedicated removal by specialized tangible body macrophages
(Gurwicz et al., 2023). Dark zone loss in IL-21R-deficient mice
was not attributable to increased cell death since we observed a
comparable distribution of active caspase 3-expressing apopto-
tic cells in dark zone and light zone areas of splenic GC from
immunized IL-21R-sufficient and IL-21R-deficient mice in situ
(Fig. S2, A and B). Similarly, we found equivalent caspase ac-
tivity in GC B cells from wild-type and IL-21R-/- mice when cells
were analyzed ex vivo using a fluorescent irreversible pan-caspase
inhibitor (“CaspGLOW” assay as described by Good-Jacobson et al.,
2010; Fig. S2, C and D), and this was recapitulated in mixed bone
marrow chimeric mice (Fig. S2 E). These findings are in line with
previous data from IL-21R-deficient mice, although light and dark
zones were not analyzed separately in these studies (Gonzalez
et al., 2018; Dvorscek et al., 2022).

Formation of the GC dark zone involves seeding by selected
light zone GC B cells, with T cell-derived signals being critical to
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permit affinity-based discrimination (Victora et al., 2010). This
reflects the capacity of T cells to provide metabolic “refueling” to
GC B cells in an affinity-dependent manner, instilling the bio-
chemical pathways required for dark zone maintenance (Long
et al., 2022). Since molecular players implicated in refueling
include basic leucine zipper ATF-like transcription factor
(BATF) and mammalian target of rapamycin complex
1 (mTORC1), both targets of IL-21 signaling (Inoue et al., 2017;
Ersching et al., 2017; Xin et al., 2015; Kato and Perl, 2018), this
raised the possibility of a role for IL-21 in this step. While the
involvement of CD40 ligand (CD40L) signaling in Tfh cell-
dependent light zone GC B cell selection has already been
demonstrated (Inoue et al., 2017; Luo et al., 2018), the contri-
bution of Tfh cell cytokines to this process is less well
understood.

Detailed analysis by several groups has shed light on the
phenotype of T cell-selected GC B cells, beginning with the
discovery that a small subset of GC B cells expressed c-Myc;
these cells had a light zone GC phenotype, expressed inter-
feron regulatory factor 4 (IRF4), and were interspersed among
FDC (Calado et al., 2012; Dominguez-Sola et al., 2012). Antigen
targeting with Dec205 antibodies revealed that c-Myc+ light
zone GC B cells formed in a T cell-dependent manner (Dominguez-
Sola et al., 2012) with c-Myc being induced in proportion to
antigen capture (Finkin et al., 2019). Finally, BATF was revealed
as a marker of T cell-dependent selection, being induced in GC
B cells in an MHC class I and CD40L-dependent manner (Inoue
et al., 2017). Informed by these pioneering studies, we tested
whether flow cytometric staining for c-Myc, IRF4, and BATF
could be used to identify selected light zone GC B cells. We were
able to identify a distinct GC B cell population that co-expressed
these three markers and was present among light zone but not
dark zone GC B cells following SRBC immunization (Fig. 4 A).
This population was significantly decreased if T cell help was
curtailed via injection of blocking anti-CD40L antibody, and
conversely, it increased following treatment with agonistic
anti-CD40 antibody (Fig. S3, A and B). T cell help is known to
drive activation of the mTORCI pathway in light zone GC B cells
and selected cells express higher levels of phosphorylated ri-
bosomal protein S6 (p-S6; Ersching et al., 2017). The population
of c-Myc+BATF+IRF4+ cells we identified expressed signifi-
cantly higher p-S6 than other light zone GC B cells (Fig. S3 C)
consistent with T cell-dependent selection. IL-21 increased the
expression of c-Myc, BATF, and IRF4 in a dose-dependent man-
ner in splenic B cells cultured in vitro (Fig. 4 B), and IL-21 also
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IRF4 expression levels in each cell. (B) CD19+ cells were isolated from spleens of 10-wk-old WT BALB/c mice using magnetic-activated cell sorting (MACS)
positive selection. Cells were stimulated using 0-80 ng/ml of IL-21 and 20 pg/ml of anti-CD40 mAb for 24 h. Collated data and representative histograms for
c-Myc, BATF, and IRF4 median fluorescence intensity (MFI). One-way ANOVA; n = 4. (C) Representative t-SNE plots showing expression of c-Myc, BATF, and
IRF4 in concatenated WT and IL-21R-/~ light zone GC B cells (6 d after immunization); color scales define protein expression levels in each cell. (D) Collated
data for c-Myc+BATF+IRF4+ splenic light zone (LZ) GC B cell frequencies in WT and IL-21R-/~ mice at 5, 6, 7, or 11 d after immunization. Data are collated from
four independent experiments; n = 3-7; Mann-Whitney U test. (E) WT and IL-21R-/- mixed bone marrow chimeric mice were immunized i.p. with 2 x 10°
SRBC and spleens were analyzed 6 d later. Collated data for c-Myc+BATF+IRF4+ cell frequencies in splenic WT and IL-21R-/- light zone GC B cells in mixed
bone marrow chimeric mice. Data are collated from two independent experiments; n = 10; Wilcoxon matched-pairs signed rank test. Mean + SD are shown;

**EX P < 0.0001; ***, P < 0.00L; **, P < 0.01; *, P < 0.05.

increased p-S6 in line with its ability to promote AKT phospho-
rylation (Dvorscek et al., 2022; Fig. S3 D). While the findings
from our assays suggested that IL-21 had the capacity to activate
selection-associated cellular pathways in B cells in vitro, to
investigate if IL-21 indeed promoted light zone GC B cell se-
lection for dark zone recycling in vivo, we examined the
c-Myc+BATF+IRF4+ B cell population within the GC of wild-
type and IL-21R-/- mice. Strikingly, when frequencies of these
cells expressing Tfh-dependent selection-associated transcrip-
tion factors were assessed, they were found to be present and
follow GC kinetics in IL-21R-sufficient animals while being
almost undetectable in IL-21R-deficient mice (Fig. 4, C and
D). To assess whether IL-21 could promote the formation of
the c-Myc+BATF+IRF4+ light zone GC B cell population in a
cell-intrinsic manner, we compared their frequencies in SRBC
immunized wild-type and IL-21R-/- mixed bone marrow chi-
meras that were constructed as described above. While cells co-
expressing c-Myc, BATF, and IRF4 could be detected among
wild-type light zone GC B cells, this cell subset was greatly
reduced amongst their IL-21R-deficient counterparts (Fig. 4 E).
The c-Myc, BATF, and IRF4 co-expressing light zone GC B cell
population could also be readily identified in chronic GC in
CTLA-4-deficient mice, where they were present at even higher
frequencies than in immunized CTLA-4-sufficient animals, and
again were virtually abolished in the absence of IL-21R (Fig. S3, E
and F). Taken together, these data indicate a role for IL-21 in the
T cell-dependent selection and metabolic refueling of light zone
GC B cells, likely contributing to the dark zone defect observed
in IL-21R deficiency.

IL-21 upregulates cyclin D3 expression in GC B cells

The dark zone is the focus of GC B cell proliferation, while the
duration of proliferation is indexed via a cellular “timer”
(Bannard et al., 2013) to the amount of antigen that GC B cells
capture and present to Tth (Gitlin et al., 2014); ongoing dark
zone proliferation occurs independently of further T cell help
and has been termed “inertial” (Pae et al., 2021). Recent studies
have demonstrated that inertial dark zone GC B cell proliferation
is controlled in a dose-dependent manner by the cell cycle reg-
ulator cyclin D3 (Ramezani-Rad et al., 2020; Pae et al., 2021).
Strikingly, mice deficient in cyclin D3 were shown to exhibit a
profound loss of the GC dark zone compartment and a light zone
skewing phenotype highly reminiscent of that seen in our IL-
21R-deficient systems (Pae et al., 2021; Ramezani-Rad et al.,
2020). We, therefore, questioned whether IL-21 controlled GC
dark zone homeostasis by regulating the expression of cyclin D3.
Western blot analysis in splenic CD19* B cells revealed that IL-21
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greatly upregulated cyclin D3 in the presence of CD40 engage-
ment (Fig. 5 A), consistent with the reported synergy between
CD40 and IL-21 in activating B cell metabolic and biosynthetic
pathways in vitro (Luo et al., 2023; Chen et al., 2023). To study
cyclin D3 protein expression, we optimized our flow cytometry
staining using murine thymocytes in which cyclin D3 has been
shown to be strongly induced at the double-negative 4 stage
(Sicinska et al., 2003; Fig. S4). Further comparison with Western
blotting confirmed that flow cytometry could also be used to
assess cellular cyclin D3 levels in murine B cells (Fig. 5 B). Ti-
tration experiments demonstrated that rather than acting as an
on/off switch for cyclin D3 upregulation, IL-21 modulated cyclin
D3 levels in a dose-dependent manner (Fig. 5 C). To test whether
IL-21 could also increase cyclin D3 expression within the GC
B cell compartment in vivo, GC were induced by SRBC immu-
nization. Analysis of cyclin D3 levels in GC B cells from wild-type
and IL-21R-/- animals revealed a significant decrease in cyclin
D3 expression in the absence of IL-21 signaling (Fig. 5 D). Past
reports have demonstrated higher cyclin D3 in the GC dark zone
(Pae et al., 2021); however, the reduced cyclin D3 levels in IL-
21R-/- GC B cells were not simply a consequence of their smaller
dark zone compartment since dark zone GC B cells from IL-
21R-deficient mice expressed significantly lower levels of cy-
clin D3 compared to their wild-type counterparts even when
each GC B cell subset was studied separately (Fig. 5 E). The re-
duction in GC B cell cyclin D3 expression in the absence of IL-21
signals was also observed in mixed bone marrow chimeric mice
confirming that the effect was B cell intrinsic (Fig. 5, F and G).
Consistent with the role of cyclin D3 in promoting cell prolif-
eration, 5-ethynyl-2'-deoxyuridine (EdU) incorporation was
significantly reduced in GC B cells from IL-21R-deficient mice in
line with published literature (Zotos et al., 2021; Zotos et al.,
2010; Gonzalez et al., 2018; Fig. S5, A and B). Collectively these
data link GC zonal skewing in IL-21R deficiency to a defect in
cyclin D3 upregulation and dark zone inertial proliferation.

IL-21 modulates B cell Foxol expression and localization

Cyclin D3 gene transcription is directly regulated by the tran-
scription factor Foxol (Zhang et al., 2016; Ketzer et al., 2022;
Wang et al., 2018), and Foxol-deficient GC B cells also exhibit
light zone skewing (Dominguez-Sola et al., 2015; Sander
et al., 2015). We therefore examined the role of Foxol in
IL-21-mediated cyclin D3 upregulation. We found that IL-21
was capable of dose-dependent upregulation of Foxol in splenic
B cells in vitro (Fig. 6 A). Furthermore, we demonstrated that
pharmacological inhibition of Foxol reduced the extent of IL-
21-dependent cyclin D3 upregulation (Fig. 6 B). The incomplete
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Figure 5. IL-21 promotes cyclin D3 expression in GC B cells. CD19+ cells were isolated from spleens of 7-15-wk-old wild-type (WT) BALB/c mice using
MACS positive selection. Cells were treated with 80 ng/ml of IL-21 and/or 20 pg/ml of anti-CD40 mAb as indicated for 24 h, and cell lysates were examined by
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Western blotting and flow cytometry. (A) Representative Western blots for cyclin D3 and tubulin and collated data showing cyclin D3 expression fold change
from untreated cells normalized to tubulin. (B) Collated Western blot data showing cyclin D3 expression normalized to tubulin (left), and collated data
and representative histograms (right) showing cyclin D3 expression mean fluorescence intensity (MFI) measured by flow cytometry. One-way ANOVA;
n =3.(C) CD19+ cells were treated with 0-60 ng/ml of IL-21 and 20 pg/ml of anti-CD40 mAb for 24 h and examined by flow cytometry. Collated data and
representative histograms showing cyclin D3 mean fluorescence intensity. One-way ANOVA; n = 3-4. Cyclin D3 expression was analyzed in splenic GC
from SRBC-immunized WT and IL-21R-/- mice 6 d after immunization. (D) Collated data showing cyclin D3 expression mean fluorescence intensity in GC B cells
(CD19+BCL6+). (E) Collated data and representative histograms showing cyclin D3 expression mean fluorescence intensity in dark zone (DZ; CXCR4M&"CD86') and light
zone (LZ; CXCR4¥CD86MeM) GC B cells. Data are collated from three independent experiments; n = 9-10; Kruskal-Wallis or Mann-Whitney U test. WT and IL-
21R-/- mixed bone marrow chimeric mice were immunized with SRBC and their spleens were analyzed 6 d later. (F) Collated data showing cyclin D3 expression
mean fluorescence intensity in WT and IL-21R-/- GC B cells. (G) Collated data and representative histograms showing cyclin D3 expression mean fluorescence
intensity in WT and IL-21R-/- dark zone and light zone GC B cells. Data are collated from two independent experiments; n = 7; Kruskal-Wallis or Mann-Whitney

U test. Mean + SD are shown; ****, P < 0.0001; ***, P < 0.001; ¥, P < 0.05; ns, not significant. Source data are available for this figure: SourceData F5.

inhibition of cyclin D3 upregulation observed suggests that
Foxol is one of several pathways linking IL-21 to cyclin D3. To
examine whether IL-21 was also able to regulate Foxol levels in
GC B cells, we analyzed splenocytes from SRBC-immunized
wild-type and IL-21R-deficient animals. GC B cells from IL-
21R-/- mice exhibited lower levels of Foxol than their wild-
type counterparts (Fig. 6, C and D), and Foxol analysis in GC
B cells from bone marrow chimeric mice confirmed that this
phenotype was B cell intrinsic (Fig. 6, E and F), suggesting a role
for IL-21 in modulating GC B cell Foxol expression. Reduced
levels of Foxol may therefore contribute to the GC dark zone
defect in IL-21R-/- mice.

The nuclear localization of Foxol is important for its ability to
instruct the GC dark zone transcriptional program (Dominguez-
Sola et al., 2015; Sander et al., 2015). B cell receptor ligation is
known to lead to Foxol phosphorylation and its rapid displace-
ment from the nucleus to the cytoplasm (Luo et al., 2018), while
data from CD4 T cells suggest STAT3-activating cytokines can
facilitate nuclear localization of Foxol (Oh et al.,, 2012). We
therefore questioned whether IL-21 might aid relocation of Foxol
back to the nucleus in B cells, permitting transcriptional regu-
lation of cyclin D3 and other dark zone-associated target genes.
Confocal microscopy analysis of splenic B cells demonstrated
that anti-IgM treatment efficiently relocated Foxol from the
nucleus to the cytoplasm; however, exposure to IL-21 signifi-
cantly counteracted this effect (Fig. 6, G and H). Taken together,
these data suggest that one way in which IL-21 can regulate
cyclin D3 expression and the dark zone program is by modu-
lating the expression level and localization of Foxol.

Discussion
The generation of optimal humoral responses relies on the
ability of B cells to integrate cues from a complex network of
cellular and molecular interactions that shape B cell fate deci-
sions across GC spatio-temporal axes (Victora and Nussenzweig,
2022). Tth cell-derived IL-21 represents one such cue; however,
its distinct contributions relative to those directed by CD40
engagement have not been clear. Here, we identify key roles for
the Tth cytokine IL-21 in B cell selection in the GC light zone and
in directing cyclin D3-dependent inertial cell cycling in the GC
dark zone.

Our observation that GC B cells are skewed to a light zone
phenotype in the absence of IL-21 signaling is consistent with
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data obtained from adoptively transferred IL-21R-/- B cells re-
sponding to 4-hydroxy-3-nitrophenyl acetyl (NP)-OVA in alum
(Gonzalez et al., 2018), as well as IL-21R-/- C57Bl/6 mice im-
munized with NP-KLH in alum (Zotos et al., 2021). In the latter
study, transcriptional analysis of isolated NP-binding GC B cells
confirmed enrichment of light zone signature genes in the ab-
sence of IL-21R but did not identify alterations in genes associ-
ated with light zone GC B cell selection. Here, we identified a
population of B cells co-expressing c-Myc, BATF, and IRF4
within the GC light zone and showed that IL-21R deficiency led
to a marked reduction of this population in vivo. Of note, the low
frequency of c-Myc+BATF+IRF4+ light zone GC B cells detected
by flow cytometry explains why these would have been missed
in earlier bulk mRNA sequencing studies. It is known that B cell
receptor and CD40 signaling synergize to induce c-Myc ex-
pression in GC B cells (Luo et al., 2018; Yam-Puc et al., 2021), and
our data together with recent reports on combined B cell signal
outcomes (Luo et al., 2023; Chen et al., 2023; Di Pietro et al.,
2022) now pinpoint IL-21 as a key contributor to the develop-
ment of this phenotype.

Cyclin D3 was previously shown to be important for GC
maturation in vivo despite being largely dispensable for B cell
proliferation and class switching in vitro (Peled et al., 2010).
This was recently shown to reflect a critical role for cyclin D3 in
GC dark zone inertial cell cycling (Pae et al., 2021). D cyclins are
distinct from cyclins whose expression oscillates with the cell
cycle phases; instead, they act as growth factor sensors that are
attuned to mitogenic inputs, with their transcription, assembly,
nuclear transport, and turnover all subject to regulation by ex-
ternal cues (Sherr and Roberts, 1999). A switch from one D-type
cyclin to another can be used to adjust the inputs that control
proliferation, for example, when switching between cytokine-
dependent and pre-T cell receptor-dependent proliferation in
thymocytes (Sicinska et al., 2003). Although BCL6 had been
identified as a plausible mediator of cyclin D2 downregulation in
GC B cells (Shaffer et al., 2000), the signaling requirements for
cyclin D3 upregulation have remained unclear. We now show
that IL-21 represents a key trigger for cyclin D3 induction in GC
B cells. While a recent study did not detect changes in cyclin D3
mRNA in antigen-specific GC B cells from IL-21R-/- mice (Zotos
et al,, 2021), this could potentially be because cyclin D3 is reg-
ulated post-translationally (Cato et al., 2011); indeed, cyclin D3
mRNA levels have been shown to be broadly similar between
light zone and dark zone GC B cells despite substantially higher
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Figure 6. IL-21 promotes Foxol expression in GC B cells. CD19+ cells were isolated from spleens of 10-wk-old wild-type (WT) BALB/c mice using MACS
positive selection. (A) Cells were stimulated using 0-60 ng/ml of IL-21 and 20 ug/ml of anti-CD40 mAb for 24 h. Collated data showing Foxol mean
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fluorescence intensity (MFI). Cells were stimulated with 20 pg/ml of anti-CD40 mAb with or without 80 ng/ml of IL-21 in the presence or absence of 2 uM of
Foxol inhibitor AS1842856 (AS18) for 16 h. One-way ANOVA; n = 4. (B) Collated data showing cyclin D3 mean fluorescence intensity (left) and collated data
showing cyclin D3 expression fold change from cells incubated in the absence of IL-21 (right). Data are collated from two independent experiments; n = 7;
Kruskal-Wallis or Mann-Whitney U test. Foxol expression was analyzed in splenic GC from SRBC-immunized WT and IL-21R-/- mice 6 d after immunization.
(C) Collated data showing Foxol expression mean fluorescence intensity in GC B cells (CD19+BCL6+). (D) Collated data and representative histograms showing
Foxol expression mean fluorescence intensity in dark zone (DZ; CXCR4"g"CD86'°%) and light zone (LZ; CXCR4'*“CD86Me") GC B cells. Data are collated from
three independent experiments; n = 10; Kruskal-Wallis or Mann-Whitney U test. WT and IL-21R-/- mixed bone marrow chimeric mice were immunized with
SRBC and their spleens were analyzed 6 d later. (E) Collated data showing Foxol expression mean fluorescence intensity in WT and IL-21R-/- GC B cells.
(F) Collated data and representative histograms showing Foxol expression mean fluorescence intensity in WT and IL-21R-/~ dark zone and light zone
GC B cells. Data are collated from two independent experiments; n = 7; Kruskal-Wallis or Mann-Whitney U test. Mean + SD are shown. CD19+ splenocytes
(MACS separated) were left unstimulated or treated with 10 pg/ml of anti-IgM Ab for 10 min followed by either 30 min stimulation with 80 ng/ml of IL-21 or
no further treatment. The localization of Foxol was examined by confocal microscopy. (G) Representative confocal microscopy images of CD19+ splenocytes
from all treatment groups. Cells were stained with DAPI (blue), Foxol (green), and IgD (magenta); scale bar 5 um. (H) Collated data showing nuclear Foxol

intensity across treatment groups. Kruskal-Wallis test; n = 170-182 (each point represents a cell). Median + 95% confidence interval are shown; ****, P <

0.000L; ***, P < 0.001; **, P < 0.01; *, P < 0.05; ns, not significant.

protein expression in the dark zone (Pae et al., 2021). Given that
IL-21 can markedly upregulate global protein translation (Chou
etal., 2016), it is tempting to speculate that this may underpin its
ability to upregulate cyclin D3 protein without detectably
changing mRNA levels.

Of note, the extent of dark zone loss in our IL-21R-/- mice
shows striking similarity to that seen after complete loss of cy-
clin D3, where ~70% of GC B cells retain a light zone phenotype
(Pae et al., 2021). Similarly, in an independent study, the pro-
portion of IL-21R-/- GC B cells expressing light zone markers in
established GC was ~70% (Zotos et al., 2021). We, therefore,
postulate that IL-21 is required for most, if not all, of the cyclin
D3 activity that drives inertial proliferation. This places IL-21 as
a key component of the T cell-dependent light zone imprinting
that tunes subsequent dark zone inertial proliferation. In con-
trast, IL-4 does not appear to play an equivalent role in directing
GC dark zone proliferation. While elegant studies have shown
that IL-21R-/- B cells exhibit reduced cell cycle entry, re-entry,
and S-phase speed (Zotos et al., 2021; Dvorscek et al., 2022), in
mice lacking both IL-4 and IL-13, GC B cell proliferation was
actually elevated compared with wild-type controls, and the
small GC present showed marked skewing to a dark zone phe-
notype (Turqueti-Neves et al., 2014). Consistent with this,
treatment of mice with exogenous IL-4 (complexed with anti-IL-
4 antibody) increased the frequency of GC light zone cells (Duan
et al., 2021). Since the quality of T cell help controls the speed at
which cells transit through cell cycle (Gitlin et al., 2015), as well
as dark zone dwell time, the relative roles of IL-21 and IL-4 in
dark zone homeostasis remain of interest, particularly as the
representation of these cytokines changes over time during the
GC response (Weinstein et al., 2016; Gonzalez et al., 2018).

Interestingly, emerging evidence suggests that STAT3-/-
mice exhibit a similar pattern of light zone skewing to that seen
in IL-21IR deficiency (Fike et al., 2022 Preprint), consistent with
the ability of IL-21 to activate STATS in mice and humans (Zeng
et al., 2007; Good et al., 2006). However, the phenotypes of
STAT3-deficient and IL-21R-deficient mice are distinct, with the
former showing minimal differences in GC B cell proliferation
and no significant difference in c-Myc expression at the popu-
lation level compared with wild-type animals. Since IL-21 is not
the only stimulus capable of activating STAT3, and can also
modulate B cell responses via alternative pathways including
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PI3K (Attridge et al., 2014), the lack of complete overlap between
phenotypes is not unexpected.

Foxol has been shown to promote transcription of an array of
GC dark zone-associated target genes including cyclin D3
(Dominguez-Sola et al., 2015; Sander et al., 2015). We now show
that IL-21 can modulate Foxol expression in GC B cells in vivo
and that IL-21-dependent upregulation of cyclin D3 expression is
at least in part dependent on the Foxol pathway, providing a
novel link between IL-21 signaling and GC dark zone formation
and maintenance. Work in CD4 T cells has implicated STAT-
3-activating cytokines in promoting Foxol nuclear import (Oh
et al., 2012) and our confocal microscopy analysis demonstrates
the potential for IL-21 to aid Foxol nuclear translocation in IgM-
stimulated B cells. Further studies will be required to elucidate
the relative contribution of IL-21-mediated Foxol upregulation
and nuclear translocation to the zonal organization of GC in vivo.

T cell help is unquestionably a key arbiter of B cell fate choice
within the GC. However, recent work from the Bannard group
has challenged the notion that T cells act as a limiting factor in
controlling GC B cell cyclic re-entry. Rather than a set threshold
of T cell help being required for re-entry of selected light zone
GC B cells into the cell cycle, the authors instead propose that the
amount of T cell help provided (reflecting B cell affinity) influ-
ences the division capacity in the dark zone (Long et al., 2022).
Thus, T cells are not the gatekeepers of light zone GC B cell cyclic
re-entry but rather determine the extent to which B cells are
“refueled” for their subsequent expansion in the dark zone.
Molecular players implicated in refueling include BATF and
mTORC], both established targets of IL-21 signaling (Inoue et al.,
2017; Ersching et al., 2017; Xin et al., 2015; Kato and Perl, 2018).
Together with its ability to promote c-Myc and cyclin D3 up-
regulation as shown here, as well as its capacity to sustain ex-
pression of AP4 (Chou et al., 2016), IL-21 emerges as a strong
candidate to direct the metabolic reprogramming that fuels GC
B cells for dark zone proliferation.

The roles of IL-21 identified in our study could potentially
be relevant in autoimmune settings where this cytokine is
frequently overproduced (Long et al., 2019; Spolski and
Leonard, 2014). Increased frequencies of IL-21-producing
Tth cells (Kenefeck et al., 2015; Ferreira et al., 2015) could al-
low selection of B cells at a lower threshold of CD40 engage-
ment and enhance cyclin D3 expression, potentially supporting
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the expansion, mutation, and differentiation of self-reactive
B cell clones. Of note, the frequency of light zone GC B cells
with a c-Myc+BATF+IRF4+ selected phenotype was markedly
higher in autoimmune GC in CTLA-4-deficient mice compared
with immunization-induced GC in CTLA-4-sufficient animals.
Tfh are intrinsically “stingy” producers of IL-21 (Dan et al.,
2016; Havenar-Daughton et al., 2016) and IL-21 levels drop af-
ter the first 2 d of the GC response (Zhang et al., 2018), sug-
gesting competition for GC B cell refueling may increase with
time. Overproduction of IL-21 may interfere with this, resulting
in the participation and promotion of B cell clones that would
otherwise be outcompeted. Indeed, a recent study from the D.
Yu laboratory demonstrated that exogenous IL-21 markedly
reduced GC B cell selection stringency (Chen et al., 2023). In-
triguingly, recent findings suggest that IL-21 can also act in a
non-cognate paracrine fashion (Quast et al., 2022), increasing
the potential for excess IL-21 to influence humoral immunity in
a bystander manner. Finally, since injection of anti-CTLA-4
antibodies can also promote IL-21 production (Wang et al.,
2015), our findings may be relevant to autoimmune adverse
events in cancer patients receiving checkpoint immuno-
therapy, where autoantibodies frequently emerge (Tahir et al.,
2019; Ghosh et al., 2022).

Materials and methods

Mice

BALB/c mice were purchased from The Jackson Laboratory.
Rag2-/- mice were purchased from Taconic Farms. CTLA-4-/-
mice on a BALB/c background were kindly provided by A.
Sharpe (Harvard, Boston, MA, USA). CTLA-4-/- mice were
maintained on a rag2-/- background and crossed with CTLA-
4+/-rag2+/- mice to generate CTLA-4-/-rag2+/- and CTLA-4+/-
rag2+/- offspring. IL-21R-/- mice were kindly provided by
Manfred Kopf (ETH Zurich, Zurich, Switzerland). IL-21R-/-
mice were crossed with CTLA-4-/-rag2-/- mice to generate
IL-21R-/-CTLA-4-/-rag2+ mice. Mice were housed in individu-
ally ventilated cages in a temperature- and humidity-controlled
facility with a 14-h light and 10-h dark cycle and ad libitum
feeding at a University College London Biological Services Unit.
Mice were provided with environmental enrichment including
cardboard tunnels, paper houses, chewing blocks, and aspen
wood wool nesting material. Experiments were performed in
accordance with the relevant Home Office project and personal
licenses following approval from the University College London
Animal Welfare Ethical Review Body.

In vivo experiments

For the generation of T cell-dependent GC responses, 6-15-wk-
old male and female mice were immunized intraperitoneally
(i.p.) with 2 x 10° SRBC (TCS Biosciences). When indicated, anti-
CD40L blocking antibodies (clone MR-1; Bio X Cell) were in-
jected i.p. 5.5 and 6.5 d after SRBC immunization (200 pg per
injection), and agonistic anti-CD40 antibodies (clone FGK4.5; Bio
X Cell) were injected 5 d after SRBC immunization (50 g per
injection). For the generation of bone marrow chimeric mice,
7-11-wk-old male and female rag2-/- recipients were sublethally
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irradiated with 2 Gray, intravenously injected with 5 x 10® bone
marrow cells from wild-type and IL-21R-/- donor mice prepared at
a one-to-one ratio; control animals received 5 x 10° bone marrow
cells from either wild-type or IL-21R-/- donors. Bone marrow re-
cipients were allowed to reconstitute for at least 8 wk before i.p.
immunization with 2 x 10° SRBC.

All injections were carried out in the absence of anesthesia
and analgesia, and mice were returned to their home cages
immediately following the procedures. Most injections were
performed in the morning. The welfare of experimental animals
was monitored regularly (typically immediately after procedure,
then at least every 2-3 d). No adverse events were noted during
these experiments.

Short-term B cell cultures

Splenic CD19* B cells from BALB/c mice were purified using
magnetic mouse CD19 MicroBeads (Miltenyi Biotec) and cul-
tured in flat-bottom 96-well plates (Corning). To assess effects of
IL-21 on the expression of c-Myc, BATF, IRF4, p-S6, cyclin D3,
and Foxol, cells were incubated with the indicated concentration
of IL-21 (PeproTech) and 20 ug/ml of anti-mouse CD40 (FGK4.5)
for 24 h at 37°C. To inhibit Foxol, cells were treated with
AS1842856 (2 pM; MedChem Express) for 1 h, followed by fur-
ther incubation with 20 ug/ml of anti-CD40 mAb with or
without 80 ng/ml of IL-21 for 16 h. To study Foxol intracellular
localization, cells were rested for 30 min at 37°C, and where
indicated, further incubated with 10 pg/ml of goat anti-mouse
IgM (u chain specific; Thermo Fisher Scientific) for 10 min fol-
lowed by a 30-min stimulation with 80 ng/ml of IL-21.

Flow cytometry

Mouse spleens and thymuses were mashed to obtain a single-cell
suspension, and splenic red blood cells were lysed using am-
monium-chloride-potassium lysis buffer. 2 x 10° cells per sam-
ple were stained in round-bottom flow cytometry tubes. To
discriminate between live and dead cells, samples were stained
with Fixable Viability Dye eFluor 780 (Thermo Fisher Scientific).
To limit non-specific antibody binding to Fc receptors, samples
were preincubated with purified anti-CD16 (FcyRIII)/CD32
(FcyRII) antibodies (2.4G2; BD Biosciences). Cells were stained
with surface antibodies against CD3 (17A2), CD3 (145-2C11), CD4
(GK1.5), CD4 (RM4-5), CD8 (53-6.7), CD19 (1D3; BD Biosciences),
CD25 (PC61.5), CD44 (IM7), CD86 (GL-1; BioLegend), CD138 (281-
2; BioLegend), CXCR4 (CD184; 2Bl1), CXCR5 (CD185; L138D7;
BioLegend), Fas (CD95; Jo2; BD Biosciences), GL-7 (GL7; Bio-
Legend), IgD (1-26c [11-26]), IL-21R (CD360; eBio4A9), PD-1 (CD279;
RMPI1-30; BioLegend), and Thyl.1 (CD90.1; HIS51). Antibodies
purchased from Thermo Fisher Scientific unless otherwise
stated. For staining of intracellular antigens BATF (D7C5; Cell
Signaling Technology), BCL6 (7D1; BioLegend), c-Myc (D84C12;
Cell Signaling Technology and Y69; abcam), FoxP3 (FJK-16s;
Thermo Fisher Scientific), IRF4 (3E4; Thermo Fisher Scientific), and
p-S6 (Ser235/236; D57.2.2E; Cell Signaling Technology), cells
were fixed and permeabilized using the Foxp3/Transcription
Factor Staining Buffer Set (Thermo Fisher Scientific) follow-
ing the manufacturer’s instructions. For staining of intracel-
lular cyclin D3 (DCS-22; BioLegend) and Foxol (C29H4; Cell
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Signaling Technology), cells were fixed with 2% paraformal-
dehyde (PFA; Sigma-Aldrich) and permeabilized using 0.1%
Triton X-100 buffer (Sigma-Aldrich).

Flow cytometry data acquisition and analysis

Samples were acquired on a BD LSRFortessa flow cytometer
using the FACSDiva acquisition software (BD Biosciences).
Fluorochrome spillover compensation was performed using
UltraComp eBeads (Thermo Fisher Scientific). Analyses were
performed using Flow]Jo software version 10 (BD Biosciences).
For t-distributed stochastic neighbor embedding (t-SNE) plots,
FlowJo data were loaded into R using the Bioconductor package
flowCore, and plots were generated using CRAN packages Rtsne
and ggplot2.

Confocal microscopy

Mouse spleens were frozen and 7-pm tissue sections were pre-
pared using a Bright OTF5000 Cryostat. For stains including
anti-BCL6 antibodies, sections were fixed with 4% PFA and
permeabilized using a saponin wash buffer (PBS supplemented
with 0.5% saponin [Sigma-Aldrich]). Sections were stained with
mouse anti-BCL6 (K112-91; Alexa Fluor 488; BD Biosciences)
followed by rabbit anti-Alexa Fluor 488 (polyclonal Igs; Thermo
Fisher Scientific) and donkey anti-rabbit (polyclonal Igs; Alexa
Fluor 488; Thermo Fisher Scientific) antibodies; hamster anti-
CD3 (145-2C11; BD Biosciences) followed by goat anti-hamster
(polyclonal Igs; DyLight 405 or Cy5; Jackson ImmunoResearch)
antibodies; rat anti-IgD (11-26c (11-26); FITC or eFluor 450; Thermo
Fisher Scientific) antibodies; and rat anti-CD35 (8C12; biotin;
BD Biosciences) followed by mouse anti-biotin (3D6.6; TRITC;
Jackson ImmunoResearch) antibodies. For stains including
anti-active caspase 3 antibodies, sections were fixed with ace-
tone and stained with rabbit anti-active caspase 3 (C92-605; BD
Biosciences) followed by donkey anti-rabbit (polyclonal Igs;
Alexa Fluor 647; Thermo Fisher Scientific) antibodies and anti-
CD3, anti-CD35, and anti-IgD antibodies as described above.
EdU incorporation was detected using the Click-iT EdU Alexa
Fluor 647 Flow Cytometry Assay Kit (Thermo Fisher Scientific)
following the manufacturer’s instructions. Coverslips were
mounted using ProLong Gold Antifade Mountant (Thermo
Fisher Scientific).

For single-cell analysis, cells were transferred to poly-L-ly-
sine coated glass-bottom 96-well plates (Sensopate; Greiner Bio-
One) and fixed with 4% PFA. Non-specific binding was blocked
using 5% bovine serum albumin buffer and cells were stained
with anti-IgD (11-26c (11-26); biotin) followed by streptavidin
(Alexa Fluor 555; Thermo Fisher Scientific). For staining of
Foxol (C29H4; Alexa Fluor 647; Cell Signaling Technology), cells
were permeabilized using 0.1% Triton X-100 buffer. Samples
were stained with 2 pg/ml of DAPI (Sigma-Aldrich) and
mounted in Mowiol with 2.5% 1,4-diazabicyclo(2.2.2)octane.

Image acquisition and analysis

Images were acquired on a Nikon C2 confocal microscope using
NIS-Elements software (Nikon). Image processing and analysis
were performed using FIJI (Image]) and CellProfiler version
2.2.0 software packages.
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Western blotting

Cells were seeded in 12-well plates at 2 x 106 cells/ml and treated
with 80 ng/ml of IL-21 and/or 20 pug/ml of anti-mouse CD40
(FGK4.5) where indicated. After 24 h at 37°C, cells were washed
with cold PBS and lysed using a modified radioimmunoprecip-
itation assay lysis buffer (50 mM Tris-HCl, pH 7.4, 150 mM NaCl,
2mM EDTA, 2 mM Na-pyrophosphate, 50 mM NaF, 1% Triton X-
100, 0.5% sodium deoxycholate, 1% sodium orthovanadate, and
0.1% SDS) containing cOmplete ULTRA protease inhibitor
cocktail (Roche), left on ice for 30 min, and then centrifuged for
10 min at 13,000 revolutions per minute at 4°C. Cleared total
protein lysate content was determined using the BCA protein
assay kit (Thermo Fisher Scientific). Subsequently, 2 x Laemmli
sample buffer (Bio-Rad) was added to 25 pg of total protein with
a final dilution of 1:40 -mercaptoethanol, followed by boiling at
95°C for 5 min. Resulting samples were added to 4-20% Tris-
Glycine gels (Bio-Rad) and separated by SDS-PAGE before
transfer to fluorescent polyvinylidene difluoride membranes
(Merck Millipore) and blocking for 1 h with LI-COR blocking
buffer. Membranes were incubated with mouse anti-cyclin D3
primary antibody (DCS22; Cell Signalling Technology) in
blocking buffer with 0.2% Tween 20 overnight at 4°C. Subse-
quently, membranes were washed with TBS-T and probed with
IRDye 680RD goat anti-mouse IgG secondary antibodies (LI-
COR) in a blocking buffer with 0.2% Tween 20 for 1 h before
being washed again and imaged using the LI-COR Bioscience
Odyssey M Imager. a Tubulin was used as a loading control;
tubulin was detected using mouse anti-a tubulin primary anti-
body (Sigma-Aldrich) and probed simultaneously with cyclin D3
using the same secondary antibody. Quantification of band
density was conducted using the Empiria Studio software.

CaspGLOW apoptosis assay

Apoptosis was measured using the Thermo Fisher Scientific
CaspGLOW Fluorescein Active Caspase Staining Kit. Immedi-
ately following cell isolation, splenocytes were incubated with
Z-VAD-FMK-FITC for 45 min at 37°C. Cells were washed ac-
cording to the manufacturer’s instructions and stained with a
fixable viability dye and antibodies against surface antigens as
described above.

Assessment of in vivo cell proliferation

For in vivo cell proliferation analysis, mice were injected i.p.
with 2 mg of EdU (Thermo Fisher Scientific) 30 min before
tissue harvest. Cells from mice treated with EdU were processed
and stained with antibodies against surface antigens as de-
scribed above. EAU incorporation was detected using the Click-
iT EdU Alexa Fluor 647 Flow Cytometry Assay Kit (Thermo
Fisher Scientific) following the manufacturer’s instructions.
Before sample acquisition, cells were stained with 7-amino-
actinomycin D.

Statistical analyses

Numerical data were visualized, and statistical analyses were
performed using GraphPad Prism (GraphPad Software Inc.).
Analysis of independent sample sets was performed using two-
tailed Mann-Whitney U tests. Analysis of paired samples was
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performed using two-tailed Wilcoxon matched-pairs signed-
rank tests. Comparisons of more than two groups of samples
were performed using two-sided Kruskal-Wallis tests or one-
way ANOVA. Statistical significance was denoted as ***, P <
0.0001; ***, P < 0.00L **, P < 0.01; *, P < 0.05; ns, not significant.

Online supplemental material

Fig. S1 shows the effects of IL-21 on GC size and polarization in
CTLA-4-/- and immunized wild-type mice. Fig. S2 demon-
strates comparable caspase activity in GC from immunized wild-
type and IL-21R-/- mice. Fig. S3 shows that c-Myc+BATF+IRF4+
light zone GC B cell formation in vivo can be regulated by CD40
signaling. This figure also demonstrates that this light zone GC
B cell subset expresses high levels of p-S6 and that IL-21 can
modulate p-S6 expression in B cells. Lastly, this figure demon-
strates that IL-21 promotes c-Myc+BATF+IRF4+ light zone GC
B cell formation in CTLA-4-/- mice. Fig. S4 shows validation of
flow cytometry staining with cyclin D3 antibody clone DCS-22
using wild-type thymocytes. Fig. S5 demonstrates that IL-21
promotes proliferation of GC B cells in immunized wild-
type mice.

Data availability
Data are available in the article or upon a reasonable request to
the corresponding author.
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Figure S1. 1L-21 promotes GC expansion and polarization in CTLA-4-/- and wild-type mice. Splenic GC were analyzed in 16-21-d-old CTLA-4-/-, IL-
21R-/-CTLA-4-/- mice and CTLA-4+/-, IL-21R-/- littermates. (A) Collated flow cytometry data showing absolute number of Tfh cells
(CD3+CD4+FoxP3-BCL6+) per spleen. (B) Collated flow cytometry data showing absolute number of GC B cells (CD19+CD138-BCL-6+) per spleen. Data are
collated from nine independent experiments; n = 8-19; Kruskal-Wallis test. (C) Spleen sections were stained for BCL6 (green), CD3 (red), and IgD (blue).
Representative confocal images (left) and collated data (right) for GC area (scale bar 100 pm; 10-11 GC/mouse, each point represents a GC). Data are collated
from four independent experiments; n = 5; Mann-Whitney U test. (D) GC B cell distribution across dark zone (DZ; CXCR4"8"CD86'°") and light zone (LZ;
CXCR4©“CD86Me") compartments was analyzed in spleens from CTLA-4-/- and IL-21R-/~CTLA-4~/- mice. Collated data for absolute numbers of dark zone
and light zone cells in the GC B cell compartment (CD19+BCL6+). Data are collated from seven independent experiments; n = 12-16; Kruskal-Wallis test.
(E) Collated data for IL-21R median fluorescence intensity (MFI) in dark zone and light zone CTLA-4-/~ GC B cells. Data are collated from two independent
experiments; n = 6; Mann-Whitney U test. (F) GC stromal compartments were analyzed in spleen sections from CTLA-4-/- and IL-21R-/-CTLA-4-/- mice
using confocal microscopy; FDC in GC light zone were identified by their CD35 expression. Collated data for light zone absolute area (CD35+) in splenic GC
(10-11 GC/mouse; each dot represents a GC). Data are collated from four independent experiments; n = 5; Mann-Whitney U test. (G) GC B cell distribution
across dark zone (CXCR4""CD86'°") and light zone (CXCR4'9“CD86"e") compartments was analyzed in spleens from SRBC-immunized wild-type (WT) and IL-
21R-/- mice 6, 10 or 28 d after immunization. Collated data for absolute numbers of dark zone and light zone cells in the GC B cell compartment
(CD19+BCL6+). Data are collated from seven independent experiments; n = 8-14; Kruskal-Wallis test. (H and 1) GC compartments were analyzed in spleen
sections from SRBC-immunized WT and IL-21R-/- mice 6 d after immunization using confocal microscopy. FDC in GC light zone were identified by their CD35
expression. (H) Collated data for light zone absolute area (CD35+) and (1) the percentage of GC area occupied by light zone stroma (CD35+) in splenic GC (7-9
GC/mouse; each dot represents a GC). Data are collated from three independent experiments; n = 3; Mann-Whitney U test. Mean + SD are shown; **** P <
0.0003; **, P < 0.03; *, P < 0.05; ns, not significant.
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Figure S2.  GC B cells from SRBC-immunized wild-type and IL-21R-/- mice show comparable caspase activity. (A and B) Density of apoptotic cells was
analyzed in splenic GC from SRBC-immunized wild-type (WT) and IL-21R-/~ mice 6 d after immunization. Spleen sections were stained for active caspase-3
(green), CD35 (red), CD3 (white), and IgD (blue). (A) Representative confocal images of splenic GC and (B) collated data comparing active caspase-3+ cell
density in GC dark zone (DZ; CD35-; top) and light zone (LZ; CD35+; bottom). Scale bar 100 pm; 7-9 GC/mouse, each point represents a GC. Data are collated
from two independent experiments; n = 3; Mann-Whitney U test. (C and D) Ex vivo, active caspases were detected using FITC-tagged active pan-caspase
inhibitor Z-VAD-FMK. (C) Representative flow cytometry plots for caspase activity in GC B cells (live CD19+Fas+GL-7+) and (D) collated data for caspase
activity in GC B cells subdivided into dark zone (CXCR4M"CD86!°*) and light zone (CXCR4°*CD86"e") compartments. Data are collated from four independent
experiments; n = 15; Kruskal-Wallis test. (E) WT and IL-21R-/- mixed bone marrow chimeric mice were immunized with SRBC and their spleens were analyzed
6 d later. Collated data for caspase activity in GC B cells subdivided into dark zone and light zone compartments. Data are collated from two independent
experiments; n = 7; Wilcoxon matched-pairs signed rank test. Mean + SD are shown; ns, not significant.
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Figure S3. IL-21 regulates light zone GC B cell selection. (A) Wild-type (WT) mice were immunized with SRBC and either treated with blocking anti-CD40L
antibody (MR1; 200 ug/i.p. injection on days 5 and 6 after immunization) or received no further treatment (Control). Collated data (left) and representative flow
cytometry plots (right) for c-Myc+BATF+IRF4+ splenic light zone (LZ; CXCR4'°“CD86Me") GC B cell (CD19+BCL6+) frequencies 7 d after immunization; color
scales define IRF4 expression levels in each cell. (B) WT mice were immunized with SRBC and either treated with agonistic CD40 antibody (FGK4.5; 50 pgi.p on
day 5 after immunization) or received no further treatment (Control). Collated data (left) and representative flow cytometry plots (right) for
c-Myc+BATF+IRF4+ splenic light zone GC B cell frequencies 6 d after immunization; color scales define IRF4 expression levels in each cell. (C) p-S6 expression
was analyzed in splenic GC from SRBC-immunized WT mice 6 d after immunization. Representative histograms showing p-S6 expression mean fluorescence
intensity (MFI) in c-Myc+BATF+IRF4+ and c-Myc-BATF-IRF4- light zone GC B cells compared to follicular B cells (CD19+IgD+BCL6-; left). Collated data for
p-S6 expression in c-Myc+BATF+IRF4+ and c-Myc-BATF-IRF4- light zone and all dark zone (DZ; CXCR4M&"CD86'°") GC B cells (right). Data are collated from
two to four independent experiments; n = 4-14; Mann-Whitney U test or Kruskal-Wallis test. (D) CD19+ cells were isolated from spleens of 10-wk-old WT
BALB/c mice using MACS positive selection. Cells were stimulated using 0-60 ng/ml of IL-21 and 20 pg/ml of anti-CD40 mAb for 24 h. Collated data and
representative histograms for p-S6 median fluorescence intensity. One-way ANOVA; n = 4. (E) Representative t-SNE plots showing expression of c-Myc, BATF,
and IRF4 in concatenated CTLA-4—/- and IL-21R-/~CTLA-4-/- light zone GC B cells; color scales define protein expression levels in each cell. (F) Collated data
for c-Myc+BATF+IRF4+ splenic light zone GC B cell frequencies in 17-21-d-old CTLA-4-/- and IL-21R-/-CTLA-4-/- mice. Data are collated from five in-
dependent experiments; n = 8-9; Mann-Whitney U test. Mean + SD are shown; **** P < 0.0001; **, P < 0.01; *, P < 0.05.
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Figure S4. Validation of cyclin D3 flow cytometry staining using wild-type thymocytes. Thymocytes from wild-type (WT) BALB/c mice were stained
with the DCS-22 anti-cyclin D3 antibody or isotype control (iso). Representative flow cytometry plots showing thymocyte subset gating strategy and cyclin D3
expression mean fluorescence intensity (MFI) in double-negative 3 (DN3) and double-negative 4 (DN4) thymocytes.
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Figure S5. IL-21 promotes proliferation of GC B cells. Proliferating cells were analyzed in splenic GC from SRBC-immunized wild-type (WT) and IL-21R-/-
mice 6 d after immunization. Mice received i.p. injections of EdU 30 min before tissue harvest. (A) Representative confocal images (top) of splenic GC and
collated data (bottom) comparing EdU+ cell density in total GC and in GC dark zone (DZ; CD35-) and GC light zone (LZ; CD35*) areas from immunized WT and
IL-21R-/~ mice (scale bar 100 um; 7-9 GC/mouse, each point represents a GC). Spleen sections were stained for EdU (green), CD35 (red), and IgD (blue). Data
are collated from two independent experiments; n = 3; Mann-Whitney U test or Kruskal-Wallis test. (B) Representative flow cytometry plots (top) showing
splenic GC B cells (CD19+Fas+GL-7+) in S phase (EdU+) and collated data (bottom) for total GC B cells and dark zone (CXCR4M&"CD86'°") and light zone
(CXCR4wCD86MEN) GC B cells in S phase. Data are collated from two independent experiments; n = 7; Mann-Whitney U test or Kruskal-Wallis test. Mean + SD
are shown; ****, P < 0.0001; ***, P < 0.001**, P < 0.01; *, P < 0.05.
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