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Germinal centers (GCs) require sustained availability of antigens to

promote antibody affinity maturation against pathogens and vaccines. A key
source of antigens for GC B cells areimmune complexes (ICs) displayed on
follicular dendritic cells (FDCs). Here we show that FDC spatial organization
regulates antigen dynamics in the GC. We identify heterogeneity within

the FDC network. While the entire light zone (LZ) FDC network captures
ICsinitially, only the central cells of the network function as the antigen
reservoir, where different antigens arriving from subsequentimmunizations
colocalize. Mechanistically, central LZ FDCs constitutively express subtly
higher CR2 membrane densities than peripheral LZFDCs, which strongly
increases the IC retention half-life. Even though repeated immunizations
gradually saturate central FDCs, B cell responses remain efficient because
new antigens partially displace old ones. These results reveal the principles
shaping antigen display on FDCs during the GC reaction.

The generation of high-affinity antibodies that neutralize pathogens
is a hallmark of the humoral response. The response is initiated by
the binding of antigens to antigen-specific B cells in the follicles of
secondary lymphoid organs. Activated B cells generate aninitial burst
of plasma and memory cells and also seed GCs, where they further
diversify their B cell receptor (BCR) repertoire and undergo selection
for antigen affinity’. B cells with higher affinity BCRs outcompete B cells
with lower affinity thanks to the survival and proliferative advantage
instigated by higher BCR binding to antigens and higher T cell help*°.
This selection takes several weeks and increases the affinity of antibod-
ies produced by GC-generated plasma cells (PCs). Thus, a constant

supply of antigens to GC B cells is essential to fuel affinity maturation,
critical for antibody-mediated protection.

Although secondary lymphoid organs are constantly exposed to
antigensinlymph orblood, the entry of antigens into B cell follicles is
restricted*’ and their retention require binding to FDCs®®. FDCs are
stromal cells that develop from perivascular or subcapsular precur-
sorsof the spleen and lymph node (LN), respectively”, inresponse to
LTa132 and tumor necrosis factor (TNF) produced by B cells"**. FDCs
form tight networks throughout the follicle via long intermingled
dendritesand produce factors that control B cell survival, localization
and elimination upon apoptosis (for example, CXCL13 (ref. 15), GGT5
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(ref. 16), TNFSF13B (BAFF)" and MFGES (ref. 18)). Within the first day
afterimmunization, complement-coated antigens are shuttled to FDCs
by noncognate B cells from the subcapsular sinus of the LN or from the
marginal zone of the spleen'*?°. Subsequently, FDCs retain and display
theintactantigens for several weeks. A related subset termed dark zone
(DZ) FDC (also called Cxcli2-expressing reticular cells) does not retain
antigens but organizes the GC DZ by producing CXCL12 (refs. 6,21).

Canonical (also termed LZ) FDCs capture antigens in
complement-coated particles or immune complexes (ICs) via two
complementreceptors, CR1(CD35) and CR2 (CD21), which bind to the
complement fragment C3d covalently attached to the antigen. In the
mouse, bothreceptors are encoded by asingle Cr2gene and, therefore,
we refer to them both as CR2 here. In addition, a subpopulation of
activated FDCsin the GC expresses an array of Fc-receptors (FCGR2B,
FCER2A and FCMAR)*, whose roles in antigen retention are less clear,
but may fine-tune B cell selection® .

In line with the ability of FDCs to retain antigens, the deletion of
CR2fromstromal cells reduces antibody responses to primary and sec-
ondary immunization”*%, However, some studies did not find arole for
FDC antigen retention in the GC response”. Nevertheless, enhancing
the deposition of antigens on FDCs leads to augmented GC responses
andthe production of highly evolved antibody specificities, suggesting
that targeting antigens to FDCs may be beneficial in vaccine-induced
protection®*,

To better understand the long-term dynamics of antigen reten-
tion in B cell follicles and their replacement upon reimmunization,
we imaged clarified LNs from mice immunized with fluorescent ICs.
We observed striking changes inantigen localization over time: while
the entire FDC network captured antigen initially, only the central
cellsretained antigen throughout the duration of the GCand served as
long-term antigen reservoirs. This patternwasindependent of the GC
itself. Single-cell transcriptomics corroborated functional heterogene-
ity within LZFDCs. Mechanistically, central FDCs had slower IC disso-
ciation due to subtly higher levels of CR2 on their surfaces. Repeated
immunizations partially saturated the central FDCs, but also replaced
previous antigens, suggesting a dynamic competition of ICs for CR2.
Antigen replacement on central FDCs, together with nonsaturable
antigen capture by peripheral FDCs, may underlie the efficient B cell
response to repeated challenges. Understanding the basis of antigen
dynamics on the FDC network will guide the generation of more effi-
cient vaccines aiming to improve antigen retention in the GC.

Results

Long-term antigen retention is mediated by central FDCs

To study the retention of vaccine antigens during the GC response,
we immunized mice with fluorescent antigen IC, known to efficiently
bind to FDCs", andimaged clarified draining LN at different timepoints
postinjection using three-dimensional confocal microscopy (Fig. 1a).
We observed that, 24 h postimmunization, most of the antigen was
loaded onto the entire FDC network of each B cell follicle. However,

on days 7 and 14 after immunization, when GCs form, the antigen
localization became restricted to the center of each follicle (Fig. 1b
and Extended Data Fig.1a). To quantify the distribution of the antigen
over time, we divided each FDC network into five concentric shellsand
calculated theratio of antigen to anti-CR2 fluorescence (Extended Data
Fig.1b). The quantification confirmed that on day 1 postimmunization,
antigen was distributed equally across the FDC networks, while on
days 7 and 14 after immunization, it was located preferentially in the
center (Fig. 1c). This antigen centralization was independent of the
presence of the alum adjuvant during immunization (Fig. 1c,d). Thus,
antigen localization is dynamic during the onset of the GC.

To understand whether subsequent immunizations generate a
similar pattern of antigen distribution, we followed the firstimmuniza-
tion (IC-Phycoerythrin, IC-PE) 6 days later with asecond immunization
withadifferentantigen-IC (IC-488; Fig. 1e,fand Extended DataFig.1c,d).
Imaging of clarified LNs showed that, 24 h after the second immuniza-
tion, the second antigen-IC was present over the entire FDC network,
while the first antigen was already localized in the center. Seven days
later, the second antigen also centralized and colocalized with the
first antigen on the central FDCs. Thus, while the entire FDC network
capturesincoming ICsinitially, the retention of the antigens takes place
exclusively on the central FDCs of the network, independently of the
presence of previous antigens.

We observed antigen retention on central FDCs up to 56 days
postimmunization (Extended Data Fig. 1e). On day 21, the centralized
antigen colocalized with GCs (Extended Data Fig. If). Similar localiza-
tion of antigens on central FDCs was observed 7 days after immuniza-
tion with human immunodeficiency virus (HIV)-gp120 nanoparticles
(Extended Data Fig. 1g), which trigger complement activation inde-
pendently of IC formation?. Furthermore, flow cytometry showed that
the percentage of FDCs loaded with antigen-IC decreased from day 1
to day 14 postimmunization (Extended Data Fig. 1h,g). Altogether,
these data suggest a heterogeneity within the FDC network, with the
periphery capturing antigens transiently and the center retaining
antigens beyond the first week postimmunization.

Dynamics of antigen retention are independent of the GC
Changesin antigen localization may be driven by the reorganization of
the FDC network afterimmunization. Inagreementwith previous data™,
we observed thatICimmunizationincreased the number of FDCs and
the volume of FDC networks (Fig. 2a and Extended Data Fig. 2a). GCB
cells (GL7* Bcl6") and T follicular helper cells (PD1* Bcl6*) colocalized
withboth the central and peripheral FDCs, although some peripheral
FDCs extended beyond the GC (Extended Data Fig. 2b).
Tounderstand whether B cell activation promotes changesin the
FDC network afterimmunization, we analyzed mice expressing trans-
genic BCRs specific for noncognate antigens, B1-8" (B1-8" Igk’-, BCR
specific for NP hapten) or MD4 (BCR specific for hen egg lysozyme)
(Methods). Both BCR transgenic mice had very few FDCs that formed
poorly organized networks and were deficient in antigen capture at

Fig.1|Long-term dynamics of antigen localization in B cell follicles.

a, Immunization workflow to analyze IC-PE localization in draining LNs after

24 hand after 7 and 14 days. IC-PE immunization is performed by injecting PE-
specific antibody (anti-PE) i.p. followed by PE subcutaneously the day after.

b, Representative confocal section of clarified draining LNs 24 h (left) and 14 days
(right) after immunization with IC-PE (magenta). FDC networks are stained by
anti-CD21/35 antibody binding to CR2 on FDCs (cyan). White squares indicate
the region magnified. Single-color image of IC-PE is shown in gray. Cyan line
demarcates the FDC network boundary based on anti-CD21/35 staining.

¢, Quantification of antigen distribution on the FDC networks of mice immunized
withIC-PE for 24 h (n=6),7 days (n = 8) and 14 days (n = 9) with antigen embedded
inalum. Quantification workflow is described in Extended Data Fig. 1a (three
experiments). d, Antigen distribution on the FDC network of mice immunized

as described in ¢ with antigen diluted in PBS (n = 6 and 7 mice; two experiments).

e, Distribution of ICs on the FDC network after arepeated immunization. LNs
were analyzed 7 days after the first IC injection (IC-PE) and 24 h after the second
one (IC-488). Arepresentative confocal image of an FDC network (anti-CD21/35
incyan; IC-PEin magenta; IC-488 in yellow) with single-color images of IC-488
(left) and IC-PE (right) shown below. Cyan line demarcates the FDC network
boundary based on anti-CD21/35 staining. Quantification of the distribution of
bothICsinthe FDC networkis shownin the graph (n = 6 mice; two experiments).
f, Distribution of ICs on the FDC network 7 days after the repeated immunization
(IC-488, second IC) (n =5 mice) and 14 days (IC-PE, first IC) (n = 7 mice) after

the firstimmunization as described in e (two experiments). g, Flow cytometry
plots and quantification of the percentage of IC-PE* FDCs at different timepoints
after IC-PEimmunization (n = 7, 8 and 11 mice). All quantitative data show

means * s.d. and analysis by two-tailed two-way analysis of variance (ANOVA)
with multiple comparisons.
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24 h postimmunization with IC (Extended Data Fig. 2c,d). Thus, the
basallevel of BCR-driven B cell activation is necessary to promote the
development of a well-organized FDC network, preventing a more
detailed analysis of antigen dynamics.

To test the role of T cell-dependent B cell activation and GC for-
mation, we blocked CD40 signaling by anti-CD40L blocking antibody
injected after immunization® (Fig. 2b). Compared with isotype con-
trol, the anti-CD40L antibody completely blocked the GC reaction
(Extended DataFig.2e) and the expansion of FDCsinduced uponimmu-
nization (Fig. 2c). However, the anti-CD40L antibody did not affect anti-
gendistribution on day 14 (Fig. 2d). In addition, the anti-CD40L treated
mice had asimilar percentage of FDCs loaded witheither the first or the
second IC compared with the control group (Fig. 2e), and their FDCs
retained similar amounts of the second antigen 7 days postinjection,
while containing only slightly less of the first IC 14 days postinjection
(Fig. 2f). Thus, CD40L-dependent signals promote FDC expansion after
immunization, but are notinvolved in antigen centralization or reten-
tionforupto7 days, although they may contribute at later timepoints.

Heterogeneity in LZ FDCs orchestrates antigen retention
Toexplore the differences between the peripheral and central FDCs, we
took advantage of sequentialimmunizations on days 0 and 6 withtwo
differently labeled antigens (Fig. 3a). One day after the lastimmuniza-
tion, central FDCs contain both antigens while peripheral FDCs con-
tain only the last, allowing us to distinguish both populations by flow
cytometry (Fig.3b). Central FDCs expressed higher levels of FCGR2B,
FCER2A (Fig.3c) and CR2 than peripheral FDCs (Fig. 3d) but had similar
levels of podoplanin (PDPN) (Fig. 3e). Similar observations were made
when comparing FDCs that retained antigen at day 7 with those that
did not (Extended Data Fig. 3a).

Recently, single-cell transcriptomics revealed two subsets of FDCs:
theLZFDCslocatedinaperipheral areacloser to the subcapsular sinus
and DZ FDCs closer to the T cell zone®”. LZ FDCs can be distinguished
by high expression of CR2,and myosin heavy chain11 (MYH11), whereas
DZ FDCs express CXCL12 and PDLIM3 (refs. 6,21). To understand how
the central and peripheral FDCs relate to LZ and DZ FDC subsets, we
analyzed the expression of MYH11 (ref. 6). Both central and peripheral
FDCs expressed high levels of MYH11, indicating that both populations
belongtoLZ FDCs (Extended Data Fig. 3b).

Tounderstand better the heterogeneity within the FDCs, we per-
formed scRNAseq of the Bfollicle reticular cells marked by CXCL13-Cre
TdTomato®. Mice were analyzed at two different timepoints after
immunization with antigen-IC (Extended Data Fig. 4a); however, we
performed all analyses on pooled samples, as we did not observe differ-
encesingene expressionbetweentimepoints. Unsupervised clustering
revealed ten distinct clusters of cells. Two corresponded to contami-
nating hematopoietic cellsidentified by their lack of Cxcli3 expression
and high expression of H2-Aa (Extended Data Fig. 4b). The other eight
clusters corresponded to follicular stromal cells, of which seven were
similar to clusters previously described using similar approaches®’
(Fig. 4a). Assignment of these seven clusters using subset-specific

genes identified two clusters of FDCs sharing Cr2 expression; MRCs
expressing Madcam1 and Tnfsf11; IFRCs showing Tnfsf1I and Ch25h
expression; TBRCs with the expression of Fmod and Ccl21a; and two
clusters of MedRCs sharing Nr4al expression. The eighth cluster corre-
sponded to follicular stromal cells with a prominentinterferon-related
signature, which could correspond to an activated stromal subset.

Further analysis of the two FDC clusters indicated heterogene-
ity within the FDC 1 cluster, with only a fraction of cells expressing
Fcgr2b, Fcer2a and Cd200. In contrast, these genes were expressed
homogenouslyin FDC cluster 2 (Fig. 4b). Furthermore, the cellsin FDC
cluster 1that did not express these genes expressed higher levels of
Cxcl12 (Extended DataFig. 4b). Consequently, we decided to re-embed
FDC1and 2 cells and perform subclustering, which grouped the cells
into three FDC clusters (Fig. 4c). We assigned one cluster to DZ FDCs
based on the low Cr2 and high Pdlim3 expression, and two clusters to
LZ FDCs based on their high Cr2and Myh11 expression (LZ1and LZ 2)
(Fig. 4d and Extended Data Fig. 4c). Even though the differences in
Pdlim3 and Myh11 expression between clusters were not significant
because of the low number of cells, the combination of Pdlim3, Myhl11
and Cr2allowed us to discriminate the three populations. LZ 1 cluster
expressed lower levels of Fcgr2b and Fcer2a, relating this population
to peripheral FDCs, while LZ 2 cluster expressed higher levels of Fcgr2b
and Fcer2a, relating them to the central FDC (Extended Data Fig. 4c
and Figs. 3c and 4d). To confirm the relationship of the LZ1and LZ 2
clusters to peripheral and central FDCs in situ, we stained clarified LN
7 days after IC-PE immunization with antibodies specific for FCGR2B.
Images showed that central FDCs that retained antigen colocalized with
the brightest FCGR2B-expressing cells, indicating that the LZ 2 cluster
corresponds to central FDCs (Extended Data Fig. 4d).

Analysis of the pathways enriched among differentially expressed
genes using STRING?* (Fig. 4e) showed that central LZ2 FDCs upregu-
lated molecules related to antigen presentation to B cells, but also to
T cells, such as major histocompatibility complex class  (MHC-I) and
MHC-IIrelated genes, together with several subunits of the proteasome
complex. An increase in MHC-I expression on central versus periph-
eral FDCs was also observed at the protein level by flow cytometry
(Fig.4f).Central LZFDCs also upregulated expression of genesinvolved
in the mitochondrial respiratory complex participating in oxidative
phosphorylation and genes controlling cytoskeleton organization,
which could explain their high degree of dendritic organization and
compaction. On the other hand, peripheral LZ FDCs seemed more
responsive to extracellular signals, with the upregulation of different
cytokinereceptor genesand intermediaries of MAPK and TNF signaling
pathways (Fig. 4e). These results suggest that two populations exist
within LZ FDCs, likely corresponding to the central and peripheral
FDCs identified by imaging.

Both peripheral and central FDC show low antigen
degradation

To understand the mechanisms underlying the selective retention of
antigens by central FDCs, we compared the ability of FDC populations

Fig.2| CD40L signals induce FDC network expansion and activationbut do
notregulate antigen centralization or retention. a, Flow cytometry plots
gated on FDCs as shown in Extended Data Fig. 1hand numbers of FDCs in LNs of
nonimmunized mice and mice immunized with IC-PE 13 days prior to analysis
(n=5mice). b, Experimental workflow to analyze the effect of CD40 signaling
onantigen retention by FDCs. Mice were immunized first with IC-PE and then
treated with anti-CD40L or isotype control antibodies (200 pug per mouse; two
subsequent days). Seven days after the firstimmunization, mice were injected
withthe second IC (IC-bovine-488) and treated again with anti-CD40L or isotype
control. Draining LNs were analyzed 7 days after the second immunization.

¢, Flow cytometry plots and numbers of FDCs in nonimmunized mice (gray;
n=3mice) or miceimmunized and treated with either anti-CD40L antibody
(orange; n = 8 mice) or isotype control (black; n = 8 mice) as described inb

(two experiments). d, Confocal images and quantification of the ICs distribution
inmice treated as described in b. Single-color images (gray) show the localization
of IC-PE and IC-488. Cyan line demarcates the FDC network boundary. Upper
graph shows the distribution of the first antigen (14 days postinjection). Lower
graph shows the distribution of the second (7 days postinjection) (n = 8 LNs
from four mice). e, Quantification of the percentage of FDCs loaded with IC-PE
(first1C, left graph) and IC-488 (second IC, right graph) in nonimmunized (n = 3)
orimmunized and anti-CD40L (n = 8) or isotype control-treated (n = 8) mice as
described inb. f, Quantity of ICs retained by FDCs measured as mean fluorescent
intensity (MFI) in mice treated with anti-CD40L or isotype control antibodies
(n=8mice). All quantitative datashow means + s.d. and analyses by two-tailed
t-test or one-way ANOVA with multiple comparisons.
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Fig.3| Central and peripheral LZ FDCs express different levels of IC-binding
receptors. a, Immunization workflow to distinguish peripheral and central
FDCs by flow cytometry. Mice were immunized first with IC-PE, followed by
1C-488 6 days later. LN were analyzed 24 h after the second immunization.

b, Flow cytometry gating strategy to identify peripheral (gray gate) and central
(red gate) FDCs in LNs of immunized mice following workflow described ina.
Retention of the first IC (IC-PE) distinguishes central (IC-PE*IC-488", red gate)

from peripheral FDCs (IC-PE"1C-488", gray gate). ¢, FCGR2B (stained with anti-
CD16/32 antibodies) and FCER2A (stained with anti-CD23 antibodies) membrane
expression on central (red) and peripheral (gray) FDCs from mice immunized
asdescribedinaandb (n =3 mice).d, CR2 membrane expression on FDCs
asdescribedinaandb (n =10 mice, three experiments). e, PDPN membrane
expressionon FDCs as described inaand b (n =10 mice, three experiments).
Pvalues are from a two-tailed paired ¢-test.

to keep antigens in their native conformation. We generated an
antigen-degradation sensor by labeling an antigen (bovine IgG) with
Atto488 and its quencher (BHQ-1), along with a nonquenchable dye
AF647 (Fig. 5a). Atto488 fluorescence was efficiently quenched, but
recovered after proteolysis (Extended Data Fig. 5a). We conjugated the
sensor to anti-lgM-coated beads, which can be phagocytosed and pro-
cessed by B cells®. Afterincubation with B cells, the percentage of B cells
containing quenched antigen (Atto488-low cells) decreased over time
(Extended Data Fig. 5b), while the total antigen degradationincreased
compared with beads containing a control sensor lacking the quencher.
Thus, the sensor detects physiological levels of antigen degradation.

To measure antigen degradation by FDCs in vivo, mice were
first immunized with IC-PE to differentiate central and peripheral
FDCs and, 7 days later, immunized with the antigen-degradation sen-
sor IC. LN cells were analyzed at 24 h, 3 days and 4 days (Fig. 5b). As
expected, FDCs showed lower antigen degradation compared with
B cells (Extended Data Fig. 5c,d). However, IC-PE-positive central and
IC-PE-negative peripheral FDCs showed similar sensor degradation
(Fig. 5¢), indicating that the loss of antigen in the periphery of the FDC
network is not caused by increased antigen degradation.

CR2 density controls antigen retention

Central FDCs may retain antigens better due to the lower dissociation
of ICs from their surfaces. This could involve the enhanced expression
of FCGR2B on central FDCs after immunization. However, enhanced
expression of FCGR2B required CD40L-induced signaling (Extended
DataFig. 6a), whereas ICs retention did not (Fig. 2d-f), making a con-
tribution from FCGR2B unlikely.

In contrast, localized antigen retention could involve enhanced
surface levels of CR2 on central FDCs (Fig. 3d and Extended Data
Fig. 3a), which were independent of immunization or CD40L block-
ade (Extended Data Fig. 6a). We confirmed that central FDCs express
more CR2 than peripheral FDCs at the steady-state by analyzing CR2
expression in clarified LNs from nonimmunized mice by microscopy
and normalizing to PDPN (Fig. 6a), which was similarly expressed on
allFDCs (Fig. 3e).

To validate that the retention of antigen-ICs by FDCs was
CR2-mediated, lethallyirradiated CD45.2* WT and Cr2knock-out (KO)
mice were bone marrow reconstituted with CD45.1/2 wild-type (WT)
haematopoietic cells andimmunized with two subsequent antigen-ICs
(Extended Data Fig. 6b). Since stromal cells are radioresistant, bone
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Fig. 4| Single-cell transcriptomics differentiates two LZ FDC clusters

with different functional activity. a, Uniform manifold approximation and
projection (UMAP) plot of Cxcl13-TdTomato expressing LN stromal cells. Left
panel shows the merged data from mice immunized as described in Extended
Data Fig. 4a. Right panels show feature plots illustrating the expression of subset-
specific marker genes for the indicated LN stomal cell clusters (data pooled from
three experiments, six to seven mice per experiment). b, Feature plots showing
the expression pattern of Fcgr2b, Fcer2a and Cd200. ¢, UMAP of FDC1and FDC2
cells froma after subclustering. d, Violin plots showing the expression of marker

genes specific for the three FDC clusters (LZ1ingreen, LZ 2 inred and DZ in blue).
One-tail adjusted P for multiple comparisons. e, Heatmap of scaled expression
of genes differentially expressed (greater than twofold increased expression;
adjusted P< 0.05) betweenLZ1and LZ 2 FDC subsets grouped into functional
and signaling pathways identified by STRING (one-tail false discovery rate (FDR)
for multiple comparisons <0.01). f, MHC-I surface levels on IC-PE* FDCs (central
FDCs) or IC-PE™ (peripheral FDCs) 7 days after immunization (n = 9 mice; two
experiments). Two-tailed paired ¢-test.
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Fig. 5| Central and peripheral LZFDCs show asimilarly low ability to degrade
antigens. a, Schematics of the antigen-degradation sensor and a control sensor
lacking the quencher. The antigen (bovine IgG) is covalently bound to AF647 and
Atto488 dyes. The coupled BHQ-1quencher absorbs Atto488 emission. Upon
degradation, BHQ-1is separated from Atto488, releasing its fluorescence from
quenching. b, Immunization workflow to test the level of antigen degradation

by centraland peripheral LZ FDCs 24 h, 3 days and 4 days after immunization
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with the IC-antigen-degradation sensor. ¢, Left: flow cytometry gating on central
(red) and peripheral (orange) FDC populations. Right: levels of antigen-sensor
degradation on central (IC-PE* IC-antigen sensor” FDCs; in red) and peripheral
(IC-PE" IC-antigen-sensor’ FDCs; in orange) FDCs in mice immunized as described
inb (n=7 mice, two experiments). Quantitative data show means +s.d. and
analysis by two-tailed paired ¢-test.

marrow transplantation restricts the Cr2-deficiency to the FDC com-
partment’*”. Toanalyze antigen binding to Cr2-deficient FDCs, we iden-
tified FDCs based on the expression of FCGR2B and VCAMI1 (Extended
Data Fig. 6¢). FDCs from Cr2-KO mice did not express CR2 (Extended
DataFig. 6d) and showed negligible ICbinding at 24 h or 7 days postim-
munization (Extended Data Fig. 6e,f). Thus, the antigen-IC retention
observed in thisimmunization model was exclusively CR2 dependent.

To understand if the ~1.5-fold difference in CR2 levels on the cell
surfaces of peripheral versus central FDCs (Fig. 3d and Extended Data
Fig. 3a) could be responsible for different rates of antigen loss from
these cells over time, we generated a stochastic model to predict the
probability of IC survival on FDC surface over time as a function of
CR2 surface density. The model used values from quantitative flow
cytometry of CR2 (Extended DataFig. 6g), CR2 dissociation (Kqg) and
association (K,y) rates with C3dg—a C3 fragment closely resembling
C3d—along with an estimated number of available C3d binding sites
perIC (N,) (Extended DataFig. 6h). The model predicted that elevated
CR2levels proportionally increase the initial loading of ICs onto FDCs
(Fig. 6b, left) and nonlinearly increase IC retention over the next 14 days.
Plotting the inferred IC half-lives confirmed their sensitivity to CR2
density with anonlinear rise starting around their physiological levels
onFDCs (Fig. 6b, right). A1.5-fold increase in CR2 density, from 250 to
375 molecules pm, similar to the difference between peripheral and
central FDCs, led to anincrease in the apparent half-life of the IC on the
FDCsurface from1.2 htol.5days and in 6.7-fold higher levels of ICon
day 14. Thus, even subtle differencesin CR2 surface levels on FDCs can
dramatically impact IC dissociation at long time scales.

To quantify the rates of ICloss from FDCs experimentally, we meas-
ured IC-488 antigen levels on peripheral and central FDCs from mice
immunized first with IC-PE, then with IC-488 7 days later, and sacrificed
1,4 or 7 days afterwards (Fig. 6¢). Peripheral FDCs had less antigen on
day 1and the antigen disappeared faster thereafter as compared with
the central FDCs, as the model had predicted.

We used two strategies to test the role of CR2 density in antigen
retention. First, we used an anti-CD21/35 blocking antibody titrated
to reduce the IC binding capacity on central LZ FDCs approximately
by 50%, similar to the levels observed on the peripheral LZ FDCs in
untreated mice (Extended Data Fig. 6i). Mice treated with blocking
anti-CD21/35 antibodies were immunized with IC-PE and analyzed
after1,4 or7 days (Extended Data Fig. 6j). The treatment did not affect
the numbers of the FDCs (Extended Data Fig. 6k and Fig. 6f); however,
the percentage of FDCs loaded with IC-PE, and the antigen quantity
decayed faster in the anti-CD21/35 treated mice (Fig. 6d-f), follow-
ing kinetics similar to those of the peripheral FDCs in untreated mice
(Fig. 6¢). This effect was unlikely to be a consequence of disturbed
GCs because blocking the GC does not affect antigen retention
(Fig.2d-f).Second, we manipulated CR2 levels selectively on FDCs by
reconstituting lethally irradiated CD45.2 WT or Cr2-heterozygous (HET)
mice with WT CD45.1/2 bone marrow and immunizing them with two
subsequent antigen-ICs as above (Fig. 6g). Radioresistant FDCs from
Cr2-HET mice expressed around 60% of WT CR2 levels (Fig. 6h). We
observed asignificantreductioninIC-PE quantity displayed by Cr2-HET
FDCs 7 days afterimmunization, which was not observed at early time-
points (IC-488) (Fig. 6i-k). Thus, Cr2-HET FDCs had a similar ability to
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capture but anincreased loss of ICs within 7 days after immunization
compared with WT. To exclude that the reduction in CR2 expression
could be affecting the development and maturation of FDCs, we ana-
lyzed FDCs from WT, Cr2- HET and Cr2-KO mice reconstituted with
WT bone marrow cells. We observed normal FDC numbers, FCGR2B
and VCAM1 expression, and network architecture between the three
genotypes (Extended Data Fig. 61,m).

Collectively, these data indicate that the small differences in the
steady-state levels of CR2 expressed by peripheral and central FDCs
resultin preferential retention of antigens in the center of the follicle
over time because of slower dissociation of ICs from central FDCs.

Repeated immunizations compete for CR2 on central FDCs

To determine how manipulation of FDC CR2 levels affects B cell
responses to antigens, we bone-marrow reconstituted WT, Cr2-HET,
and Cr2-KO mice with CD45.1 WT bone marrow cells, immunized
them with NP-PE antigen-ICs and analyzed the GC response at day 20
postimmunization. We focused the analysis on CD45.1" donor WT B
cells, which were reconstituted similarly in all groups of mice. Inmice
where FDCs do notdisplay the antigen (Cr2-KO), we observed astrong
reductioninthe percentage of GC B cells, class-switched IgG1* GC B cells
and NP-specific B cells compared with WT (Fig. 7a and Extended Data
Fig.7a,b,e). The intensity of B cell binding to NP as areadout of BCR
affinity was also reduced in Cr2-KO mice (Fig. 7b) and so was the per-
centage of plasmablasts (PB) (Fig. 7c and Extended Data Fig. 7c). In
contrast, the percentage of antigen-specific memory B cells was unaf-
fected in Cr2-KO mice (Fig. 7d and Extended Data Fig. 7d), inducing a
skewed differentiation output compared with WT mice (Fig. 7e). Con-
sistently, the percentage of antigen-specific PCs in the bone marrow
ofthe Cr2-KO mice was also reduced, even though the differences did
not reach significance (Fig. 7f).

Inthe Cr2-HET animals, where antigens are lost faster from FDCs,
there was a milder but consistent trend for reduction of the B cell
response (Fig. 7a—f). In particular, the class-switched GC response
was decreased significantly compared with WT mice, supporting the
idea that antigen persistence promotes a prolonged GC response.
Although we could not detect differencesin BCR affinity in the Cr2-HET
mice (Fig.7b), there was atrend of reduced antigen-specific PBand PC
differentiation contrasting with intact memory B cell differentiation
(Fig.7e, f), but this did not reach statistical significance. Thus, antigen
display by FDCs is essential for generating a prolonged high-affinity
antigen-specific GC response that supports PC differentiation. The
duration of the antigen display is also important, although less than
the initial FDC antigen capture, possibly because small amounts of
retained antigen are sufficient to support the B cell response.

Since central FDCs are the exclusive site of long-term antigen
retention that supports the GC response, we wondered whether they
become saturated after repeated immunizations. Weimmunized mice
consecutively withthree (IC3; Fig. 7g) or four (IC4; Fig. 7h) differently
labeled antigen-ICs at 1-week intervals and analyzed their FDCs 24 h

after the lastimmunization (Extended Data Fig. 7f). FDCs that retained
allantigens showed the highest CR2 expression (Fig. 7g,h, left panels),
suggesting that they correspond to the central FDCs. Indeed, imaging
confirmed that all antigens older than a week were localized in the
center of the follicle (Fig. 7j). In the three-dose regime, the central
FDCs containing all antigens (IC-647,1C-488 and IC-PE) were found to
be loaded with more of the last antigen (IC-PE) than FDCs containing
only the last two (IC-488 and IC-PE, respectively), or only the last one
(IC-PE) (Fig. 7g, right panel). This result matched our previous finding
that central FDCs contain more antigen than peripheral FDCs 1 day
after immunization (Fig. 6¢). A similar phenomenon was detected
in the four-dose regime, but only up to the third antigen, where the
FDCsloaded with all antigens retained more IC-488 (the third antigen
injected) than the other FDC populations (Fig. 7h, middle panel). How-
ever, these central FDCs could not efficiently capture the fourth antigen
(IC-PE), displaying similar amounts of IC-PE as the peripheral FDCs
that contained only this last antigen (Fig. 7h, right panel). Even though
endogenous antibody responses against the injected xeno-antibodies
could have cross-reactivity and possibly enhance IC formation in the
subsequent doses, the selectivity of the saturation to the central FDCs
suggests that this does not confound the interpretation. To quantify
the saturation of central FDCs directly, we calculated the ratio of the
amountof antigen on central versus peripheral FDCs fromimmuniza-
tions with 2,3 or 4 ICs (Fig. 7i). This comparison confirmed that, after
four doses, the capacity of antigen capture by central FDCs decreased
to about half compared with the peripheral FDCs.

To understand whether old antigens also get displaced by new
immunizations, we immunized mice with either one (11C) or four (4
IC) consecutive antigen-ICs (Extended Data Fig. 7g) and analyzed the
presence of the first antigen on FDCs at the end of the experiment.
The percentage of FDCs loaded with the first antigen-IC (IC-405) and
the amount of IC-405 on these FDCs was lower when the mice were
immunized with the three additional doses than when they were not.
This suggests that the new antigens enhanced the dissociation of the
firstantigen from FDCs, although they did not replace it completely.

To understand whether the partial saturation and partial replace-
ment of antigens on central FDCs modifies the B cell response to new
antigens, we immunized mice with three subsequent antigen-ICs or
only one antigen-IC and challenged them with IC-NP 21 days after
the first immunization (Extended Data Fig. 7h). We tracked the anti-
body response to NP in the two groups of mice over the next 56 days.
We observed that the high-affinity NP-specific IgG1 class-switched
responses (Extended Data Fig. 7i) were similar between both groups of
mice and so was the affinity maturation (Extended Data Fig. 7j). Thus, the
partial saturation of the FDCs by the previous antigens does notimpede
the development of the B cell response to anew unrelated antigen.

Discussion
We demonstrate a topological heterogeneity in the FDC network that
controls antigen retention in mouse LNs via levels of CR2. Peripheral

Fig. 6| Membrane levels of CR2 dictate the half-life of antigen retention

on peripheral and central FDCs. a, Quantification of CR2 levels on the FDC
network in nonimmunized mice (n =4 mice). The confocal image shows PDPN
(gray) and CR2 (red). b, Modeling IC dissociation from FDC surfaces. Left: surface
concentrations of ICs retained on FDCs over time depending on CR2 levels. Right:
IC half-life versus CR2 surface concentration (molecules pm™). ¢, Rates of IC loss
from central and peripheral LZ FDCs. Left: immunization workflow. Graphs show
the quantity of the second IC retained by central FDCs (IC-PE*IC-488", in gray)
and peripheral FDCs (IC-PE"IC-488", in blue) (n = 7 mice; two experiments). Lines
show nonlinear regression fits to the data. d, Flow cytometry plots show IC-PE
levels on gated FDCs from mice immunized with IC-PE and treated or not with
anti-CD21/35 blocking antibody. e, Quantification of the percentage of IC-PE*
FDCs and quantity of IC-PE on the total FDCs (n = 4 mice) from mice treated as in
d.f,Representative images (n = 4 mice) of FDC networks from LNs of mice treated

asind. Anti-CD21/35 staining (7E9, cyan), IC-PE (magenta), injected anti-CD21/35
(7G7) antibody (yellow). Single-color images are shown in gray. g, Experimental
workflow for measuring antigen retention by Cr2** (WT) and Cr2"~ (HET) FDCs.
Bone-marrow reconstituted lethally irradiated CD45.2 WT and Cr2-HET mice
wereimmunized with IC-PE and 7 days later with IC-488. h, CR2 membrane
expression on FDCs from WT (black) and Cr2-HET (blue) mice as described ing
(n=10 mice). i, Gating strategy to analyze the IC loading in nonimmunized WT
mice, and WT or Cr2-HET mice immunized asin g. j, Quantity of ICloaded on
total FDCs from WT (n =10) and Cr2-HET (n = 9) mice following the experimental
workflow described in g. k, Representative images of FDC networks from mice
treated as described ing. CR2 (cyan), IC-PE (magenta), IC-488 (yellow). Single-
colorimages are shown ingray. Cyan line demarcates the FDC network boundary.
All quantitative data show means + s.d. and analysis by two-tailed unpaired ¢-test
and two-way ANOVA.

Nature Immunology | Volume 24 | August 2023 | 1281-1294

1289


http://www.nature.com/natureimmunology

Article

https://doi.org/10.1038/s41590-023-01559-1

CR2-low FDCs retain antigens for the first few days postimmunization,
while central CR2-high FDCs preserve antigens for weeks, creating a
reservoir of previousimmunizations inthe GC. A similar pattern of anti-
genlocalization canbe observed in the mouse spleen® and in primate

LNs*, suggesting that topological heterogeneity of FDCs isacommon
feature of B cell follicles. Although our data did not distinguish whether
central and peripheral FDCs represent distinct developmental subsets
oraspatial gradient withinasingle population, the results indicate that
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spatial organization of the stroma contributes to the orchestration of
B cell responses.

We show that the spatial FDC heterogeneity lies within the LZFDC
subset. Central FDCs likely relate to activated FDCs observedinthe GC

LZ of secondary follicles*>. Formation of the GC may be one mechanism
to establish this FDC spatial patterning, for example, by enhanced
production of LTa132 by GC B cells*°. However, acute blockade of the
GC and FDC activation using anti-CD40L antibodies did not affect
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Fig.7| Antigen display by FDCs regulates the B cell response while successive
immunizations partially saturate central FDCs. a, Percentages of GCB cells
(CD95* GL7"),1gG1" GC B cells and NP-specific GC B cellsin the LNs of WT (black;
n=15mice), Cr2-HET (dark blue; n =16 mice) and Cr2-KO (light blue; n = 14 mice)
mice reconstituted with WT CD45.1" donor bone marrow and immunized with IC
NP-PE 20 days before analysis. Cells were gated on CD45.1° B220" donor cells.

b, Quantification of the NP-PE MFIin NP* B cells from mice described in a.

¢, Percentage of plasmablasts (CD138* NP* within CD45.1"") from mice described
ina.d, Percentage of memory B cells from mice described in a. e, Quantification
of plasmablast to memory B cells ratioin WT (black), Cr2-HET (dark blue) and
Cr2-KO (blue light) mice treated as described in a. f, Quantification of bone
marrow PCs (NP* CD138"in B220™ TCR") from mice described ina. g, Schematic
workflow of mice consecutively immunized with three distinct ICs. Plots show

CR2 expression and retention of the lastinjected IC (IC-PE) in the different FDC
subsetsidentified by the presence of all the three injected ICs (black), the last two
ICs (dark gray) or only the last one (light gray) (n =7 mice). h, Schematic workflow
of mice injected consecutively with four different ICs. Plots show CR2 expression
and retention of the penultimate IC (IC-488) or the last IC (IC-PE) in the FDC
subsets containing four injected ICs (red), the last three ICs (black), the last two
ICs (dark gray) or only the last IC (light gray); (n = 7 mice). i, Quantification of

the central FDC saturation by measuring the ratio between the quantities of the
lastIC on central and peripheral FDCs in mice immunized with two, three or four
ICs; (n =7 mice) j, Confocal image of an FDC network from a mouse immunized
with three different fluorescent antigen-ICs as described in g. All quantitative
datashow means + s.d. and analysis by two-tailed one-way ANOVA with multiple
comparisons.

CR2 levels or antigen retention. Alternatively, FDC patterning can be
induced by FDC network remodeling. We show that, in agreement with
previous data'®, immunization expands the FDC network. New FDCs
arise from precursors near the subcapsular sinus'®*, potentially creat-
ing a centripetal maturation pattern. However, we could distinguish
peripheral and central FDCs even before immunization, suggesting
constitutive patterning, possibly induced by steady-state reactivity
against endogenous antigens*>*. This notion is supported by the
disruption of FDC organization in BCR Tg mice, which are unable to
respond to most antigens. Studies using new genetic tools to map the
originand development of peripheral and central FDCs will be required
todissect these mechanismsin the future.

We corroborated the functional heterogeneity within LZ FDCs by
single-cell transcriptomics. A cellular cluster resembling peripheral
FDCs expressed genes regulating cytokine responses, indicating they
are responsive to immune stimuli. In contrast, a cluster enriched in
markers of central FDCs showed expression of genes regulating oxida-
tive phosphorylation and the cytoskeleton. The latter could result in
higher membrane stiffness, which enhances B cell affinity discrimina-
tion**. The central FDC cluster also expressed genes involved in the
processing and presentation of antigens on MHC I and II, mirroring
findings inhuman FDCs*. This suggests that central FDCs may interact
with CD8 and CD4 T cells, although the relevance of this needs to be
furtherinvestigated.

We show that the main factor that drives the selective retention
of antigens by central FDCs is the higher expression of CR2 on their
surfaces. The interactions of CR2 with C3d are transient (K, ~140 nM,
half-life ~6 s), mandating that long-term IC retention involves multi-
valent binding. Modeling indicates that the IC dissociation half-life
rises sharply when CR2 exceeds -250 molecules pm, typical of the
levels detected on FDCs. A difference in avidity may also underlie
FDC acquisition of ICs from noncognate B cells'’, which express only
~20 CR2 molecules pum. Itis likely that CR2 avidity works in conjunc-
tionwith the recycling of ICs into nondegradative endosomes***” and
with the exclusion of extracellular proteases from the B cell follicle*®.
However, antigen degradation was similarly low between peripheral
and central FDCs, suggesting that these factors do not contribute to
spatial patterning. Similarly, enhanced FCGR2B expression by central
FDCsdid notseemto contribute toIC retention, which was exclusively
CR2 dependent, consistently with previous data*. However, FCGR2B
may play aregulatoryroleintheB cell response or become important
upon reimmunization or in autoimmunity>°°°!,

Although GC reactions can develop independently of antigen
binding to FDCs?**?, we show that FDC antigen retention promoted
long-lasting GC responses with higher PB output and BCR affinity.
This agrees with the reported importance of FDC-expressed CR2
for vaccines-induced antibody responses” and with enhanced GC
responses induced by vaccines designed to increase antigen deposi-
tion on FDCs***, In contrast, memory B cells were unaffected by the
absence of FDC antigen retention. Since limiting access of activated B

cells to antigen promotes their differentiation into memory B cells*>**,

rapid antigen loss from FDCs may also favor the differentiation of
memory B cells. Therefore, vaccine designs enhancing antigen persis-
tence on FDCs could also skew the memory/PB ratio.

We show that repeated IC injections partially saturated central
FDCs, although a small amount of new antigens could still be depos-
ited by replacing old antigens. In contrast, peripheral FDCs remained
fully receptive to new antigens and may assist the B cell response when
central FDCs become saturated. Total FDC antigen capture indeed was
moreimportant for the GC than prolonged retention, based on the GC
phenotypes of FDC Cr2-KO versus Cr2-HET mice. We propose that the
FDC network handles repeated challenges using arange of CR2 levels,
keeping a dynamic repository of past antigens but also remaining
receptive to new ones, which contrasts with theidea of saturable FDC
niches for GC development™,

llluminating the mechanisms that regulate the development of
central and peripheral FDCs, their CR2 levels and other functions will
advance the understanding of the role of the follicular stromain B cell
responses to immunizations, infections and cancers. Engineering
vaccines for high CR2 avidity may enhance FDCretention and immune
protection®®”. Blocking CR2 binding, in contrast, may effectively dis-
placeold antigens from FDCs and terminate unwanted responses, such
asinautoimmune diseases.
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Methods

Mice

C57BL/6, Cr2-KO (Cr2'™Hme) CXCL13-TdTomato (Tg(Cxcl13-
Cre/tdTomato)719Biat), B1-8f1 (Ight™#cen [giCtmiCen/tmiCen) N D4
(C57BL/6eeheMD4Ceen)y and CD45.1 (B6.SJL-Ptprc® Pepc® /Boy)) mice
were used. To obtain Cr2-HET and CD45.1/CD45.2 mice, Cr2-KO and
CD45.1 mice were bred with C57BL/6 mice. IgH®"®" Igk™”~ (B1-8f1)
mice have arearranged VD) gene segment inserted into the Ig heavy
chain (IgH) locus and a neomycin resistance cassette replacing the
exon encoding the constant region of the immunoglobulin kappa
chain, which guarantees that most B cells express a BCR recognizing
4-hydroxy-3-nitrophenyl acetyl hapten (NP). IgHEL-MD4 (MD4) mice
express HyHEL10 immunoglobulin heavy and light chains transgenes
so that most B cells recognize hen egg-white lysozyme antigen (HEL).
Allexperiments were approved by the Francis Crick Institute and UCL
Ethical Review Panels and the UK Home Office using age- and sex-
related mice.

To generate bone marrow chimaeras, recipient mice were lethally
irradiated with two doses of 5 Gy and reconstituted with 5 x 10 donor
bone marrow cells by intravenousinjection. Reconstituted mice were
fed with 0.2 mg ml™ Baytril (Enrofloxacin) in their drinking water for
4 weeks postreconstitution.

Immunization

Mice were immunized intraperitoneally (i.p.) with 2 mg anti-antigen
antibody in 200 pl of PBS (Rabbit anti-B-Phycoerythrin, catalog no.
100-4199, Rockland; donkey anti-goat IgG, catalog no. 705-001-003,
Jackson ImmunoResearch; rabbit anti-human IgG, catalog no. 309-
001-003, Jackson ImmunoResearch; anti-bovine IgG, catalog no. 301-
001-003, Jackson ImmunoResearch). After 18 h, mice were injected
subcutaneously with 10 pg of fluorescent antigen (R-Phycoerythrin
cat.P801, ThermoFisher; NP-Phycoerythrin catalogno.N-5070-1,LGC
Biosearch Technologies; goat Fab2 IgG anti-horse, catalog no. 108-
006-003, Jackson ImmunoResearch; rabbit anti-human IgG, catalog
no. 309-001-003, Jackson ImmunoResearch; rabbit anti-bovine IgG,
catalog no. 301-001-003, Jackson ImmunoResearch) in 100 pl mixed
1:1 with Imject Alum Adjuvant (catalog no. 77161 ThermoFisher) in
the upper and lower flank to target the brachial, axillary and inguinal
draining LNs. Mouse tissues were analyzed by flow cytometry, confo-
cal microscopy and enzyme-linked immunosorbent assay (ELISA) at
different timepoints afterimmunization.

Cellular isolation

For FDCs preparation, draining LNs were disaggregated into small
pieces with 25G needles and collected in RPMI-1640 medium contain-
ing 2% FCS,20 mMHEPES pH 7.2,0.1 mg ml™ collagenase P (Roche) and
25 pg ml' DNasel (Sigma). Dissociated tissue was incubated at 37 °C for
60 min, recollecting supernatant every 15 min. After enzymatic diges-
tion, cell suspensions were filtered using a100 pm strainer and washed
with PBS containing 0.5% FCS and 10 mM EDTA. Cell suspensions were
used directly for staining with antibodies.

For B cell isolation, spleens were disaggregated using 40 pm
strainer and treated with ammonium-chloride-potassium lysis buffer
(AcK; made in house) for 5 min. Single-cell suspension was subse-
quently incubated with CD43 microbeads (Milteny Biotech), following
the manufacturer’sinstructions.

Staining

For flow cytometry staining, single-cell suspension was incubated with
Fixable Viability Dye-e506 (Invitrogen) for 15 min in PBS. Cells were
subsequently incubated with anti-CD16/32 (purified or labeled) and
the appropriate antibodies for 20 min at 4° C in PBS containing 0.5%
FCS and 10 mM EDTA for FDC analysis or PBS containing 2% FCS and
2 mM EDTA for B cell analysis. The following antibodies were used for
FDC and B cell phenotyping: B220 (clone RA3-6B2, Biolegend), CD45.2

(104, Biolegend), CD21/35 (7E9, Biolegend), PDPN (8.1.1, Biolegend),
Madcaml (MECA-367, BD Biosciences), CD31 (390, Biolegend), CD23
(B3B4, BD Biosciences), H2-Kb/Kd (28-8-6, Biolegend), CD95 (Jo2, BD
Pharmigen), IgD (11-23c, Biolegend), T and B cell activation antigen
(GL7,BD Biosciences), CD45.1(A20, Biolegend), CD138 (281-2, Bioleg-
end), CD38 (90, Biolegend), PDL-2 (TY25, BD Horizon), IgG1 (RMGI-1,
Biolegend), IgM (R6-60.2, BD Biosciences). Cells were analyzed using
anLSRFortessaflow cytometer and analyzed using FlowJo. FDCs were
gated by excluding hematopoietic cells (CD45" PDPN") and specifi-
cally B cells (B220"), and selecting those stromal cells (PDPN*), non-
endothelial (CD31"), expressing high levels of CR2 (CD21/35hi) and
Madcaml'integrinreceptor. Samples were acquired on an LSRFortessa
(BD Biosciences) using BD FACSDiva software v.8.0.1. For cell sorting
experiments for scRNAseq, cells were sorted using FACS Aria Fusion
and collectedin PBS + 0.05% BSA. For analyzing CR2 surface expression
onFDCsand B cells by quantitative flow cytometry, LN dissociated cells
were incubated with a surface antibody mix (anti-B220, anti-CD45.2,
anti-PDPN, anti-CD31, anti-Madcaml) containing anti-CD21/35-PE
under saturation conditions. PE Phycoerythrin Fluorescence Quantita-
tion Kit containing beads conjugated with four levels of PE was used
to obtain a calibration curve from which the number of CR2 surface
moleculesinthe cells of interest could be calculated. Surface CR2 den-
sity was calculated based on the calculated number of CR2 molecules
per cell divided by the cell surface areameasured using Imagestream.

For microscopy staining, LNs were incubated 4 h with Antigenfix
solution (Diapath) and washed and permeabilized in PBS containing
1% BSA, 1% normal mouse sera and 2% Triton X-100 for 24 h. LNs were
incubated with the antibody mix in the permeabilization buffer for
3 days at 22 °C while shaking. Organs were subsequently washed in
permeabilization buffer for 24 h and incubated with RapiClear solu-
tion (1.47 RIN) for 24 hat RT. Clarified organs wereimaged mountedin
RapiClear solutionusing Leica SP5 Upright or LeicaSP8 Falcon Inverted
microscopes. For PDPN staining, LNs were permeabilized in 4% SDSin
200 mM boric acid at 37 °C for 4 h and labeled in 4% SDS solution for
4 days at 22 °Cas previously described in ref. 58.

For microscopy of sections, LNs were embedded in OCT and fro-
zen at -80 °C for at least 24 h. sections 20 pm were obtained using
the Cryotome (Leica) and fixed in 4% paraformaldehyde for 15 min.
Sections were blocked using 2% BSA + 5% FBS in PBS (blocking buffer)
for1hat 22 °C and incubated for 2 h with the following antibodies:
anti-PD1 (29 F.1A12) and anti-CD21/35 (7E9) from Biolegend, and GL7
and anti-Bcl6 (K112-91) from BD Biosciences. The FDCMI1 staining was
performed in three subsequent steps: tissues were first stained with
anti-FDCM1 (BD) in blocking buffer, and after washing, sections were
incubated with anti-rat-AF488 (Cell Signaling; 1/400) for 1 hiin block-
ing buffer, and finally were incubated with anti-CD21/35 antibody
(Biolegend).

Droplet-based single-cell RNA sequencing analysis

Sorted CXCL13-TdTomato® PDPN' live cells were run using the 10x
Chromium (10x Genomics) system, and cDNA libraries were gener-
ated according to the manufacturer’s recommendations (Chromium
Single-Cell 3’ ReagentKit (v.3.1Chemistry)). Libraries were sequenced
via Hiseq 4000 for lllumina sequencing. Raw sequencing data were
processed using the CellRanger pipeline v.3 (10x Genomics) with the
Ensembl GRCm38 release 89 reference transcriptome. Count tables
were loaded into R and further processed using the Seurat R pack-
age v.3.1.5 (ref. 59). Samples were pooled from three independent
experiments (Cxcl13-Tdimmunized for 24 h, LNs from six mice pooled;
Cxcl13-Td immunized for 7 days with a first antigen-ICs and 24 h with
asecond antigen-ICs, LNs from six mice pooled). Subsequently, cells
containing fewer than 200 distinct genes and cells with more than
10% of unique molecular identifiers stemming from mitochondrial
genes were excluded. Furthermore, cells that featured at least one
read count for Lyvel, Hba-al, Hba-a2, Krt18, Trac, Cd3d, CldnS5, Lyé6cl,
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Egfl17, Ptprc,S100b, Cd79a and Cd79b genes were removed to eliminate
contaminating hematopoietic cells, erythrocytes, and endothelial
and epithelial cells as previously described®. After quality controland
removal of contaminants, the remaining cells were retained for further
processing using the default method from the Seurat package (v.3.1.5).
Clusters were characterized based on described markers®’. Differen-
tially expressed genes between three FDC clusters were performed
using Seurat within the samples from Cxcl13-Td mice immunized for
7 days. Pathways enriched among their differentially expressed genes
(greater than twofold increased expression; adjusted P < 0.05) were
analyzed using STRING**.

Image analysis
To study antigen distribution within the FDC network, acquired
datasets were analyzed using MATLAB with Image]J plugin. Images
were subsampled in the x and y axis (4x) and afiltered to generate a
mask of the FDC networks based on CD21 staining. Individual folli-
cleswere detected, labeled, and segmented into six concentric shells
with the most peripheral serving as background. Antigen fluores-
cence was measured in the five inner rings, background subtracted,
mean-normalized and then normalized by the anti-CD21 staining pro-
cessed inthe same manner.

To analyze FDC network volume, images from clarified organs
were analyzed using Imaris where FDC networks were detected based
onthresholded CD21staining.

Protein labeling with dyes
Antibodies were conjugated to one of several fluorophores (AlexaFluor
405, AlexaFluor 488, AlexaFluor 647 NHS esters (ThermoFisher)) in
sodium carbonate buffer, according to the manufacturer’s instruc-
tions. Excess dye was removed using Zeba 7K MWCO desalting columns
(Pierce, ThermoFisher).

For the degradation sensor, antigen was conjugated first with
AlexaFluor 647 and AlexaFluor 488 NHS esters (ThermoFisher) and
with BHQ-1quencher as previously described®.

Invitro antigen degradation assay

Conjugated bovine IgG with AlexaFluor 647 and AlexaFluor 488 NHS
esters (control) and bovine IgG conjugated with AlexaFluor 647 and
AlexaFluor 488 NHS esters and BHQ-1 NHS ester (ratio 11gG: 9 BHQ-1
molecules) were treated at 50 °C for 30 min and 95 °C for 5 min with
2 mg ml Proteinase K. Fluorescent emission was measured using the
Spark multimode plate reader (Tecan).

Ex vivo degradation assay

Carboxylated latex beads (50 x 10%; 1 um in diameter) were incubated
overnight witha concentration of 20 pg ml™ of anti-IgM plus 20 pg mi™*
antigen-quencher or only anti-IgM in 1 ml of PBS at 4 °C.

Naive purified B cells were resuspended in complete RPMI buffer
(10% FBS, 100 pM nonessential amino acids (ThermoFisher), 2 mM
L-Glutamine (ThermoFisher), 50 uM 2-mercaptoethanol (Ther-
moFisher) and penicillin-streptomycin (GE Healthcare Life Sciences))
and plated in 96-well V-bottom plates at a concentration of 0.5 x 10°
cellsin 50 pl. Antibody-coated beads were added to reach a bead:cell
ratio of 3:1. The cellular and bead suspension were briefly centrifuged
at 400g and were incubated at 37 °C for different timepoints. Subse-
quently, cells were washed and stained onice®.

HIV-multimeric nanoparticles

SpyCatcher SpyTag 60-mer particles were generated as described®'.
Briefly, monomeric SpyCatcher-mi3 (kindly donated by M. Howarth)
wasincubated with athree times molar excess of YU-gp120-SpyTag HIV
envelope protein for 18 h at 25 °C in PBS and dialyzed using 300 KDa
MWCO membrane (Spectra/Por Float-A-Lyzer G2) in sodium carbonate
buffer following the manufacturer’s instructions. Virus-like particles

were subsequently incubated with AF-555 NHS ester for 1 hat 25 °Cand
dialyzed using 300 KDa MWCO membranein PBS for 2 days. Mice were
immunized with a dose containing 1 pg YU-gp120 protein in 100 pl of
PBSin the flanks.

YU-gp120-SpyTag HIV envelope production

ASpyTagsequence wasinsertedin the N-terminal part of the YU-gp120
sequence. Therecombinant protein was produced in 293F cells trans-
fected with YU-gp120-SpyTag expressing pcDNA3.1 plasmid (akind gift
from B. Haynes) as described® Briefly, cell supernatant was filtered
with 0.8 um filter, mixed with Galanthus nivalis lectin (GNL) binding
buffer and loaded onto GNL-agarose column previously equilibrated
with GNL binding buffer (five times the volume). After that, the column
was washed five times with GNL binding buffer and the protein was
eluted using a Mannose solution. The purity was assessed by running
an SDS-PAGE.

CR2-C3dgbinding measurement

Theon-and off-rate and the equilibrium dissociation constant for the
CR2interaction with C3dg was measured using Bio-Layer interferom-
etry (Octet, Sartorius). We loaded a His-tagged human CR2 protein
(Bio-techne) to Nickel-NTA sensor at a concentration of 36.8 nM.
Human C3dg protein was produced as described®. Briefly, human
C3dg cDNA containing the Cys1010Ala mutationinserted into pET13b
expression plasmid lacking the His-tag (akind gift fromJ. Eisenman)
was transformed into BL21 Escherichia coli. After induction with IPTG,
soluble C3dg was purified frombacterial lysates using CM Sepharose
followed by gel filtration on a Superdex 200 column. Association of
the C3dg protein with CR2 was measured for concentrations rang-
ing from 0.023 ptM t0 2.9 pM. The equilibrium dissociation constant
was determined by fitting the plateau values with a binding model,
yielding K =317 + 30 nM. The association and dissociation rates
were determined by fitting akinetic model yielding k,,, = 616,154 M
s kye=0.15s7"

IC-FDC dissociation mathematical model

Todescribe the dynamics of IC dissociation from FDCs at varying CR2
concentrations, we generated a stochastic framework comprising
microscopic events that alter the probability of IC survival over time.
Specifically, as anICisloaded onto the FDC membrane, amultiplicity of
adhesive bonds forms between the C3d ligands coating the IC particle
and the surface CR2.Individual dissociated CR2-C3d pairs canrebind,
aslongassomebondsremainto hold theIC. Once allbonds open, the
ICisirreversibly lost.

Mathematically, starting from maximum bond formation between
the IC and CR2 on the corresponding membrane patch (assuming
that eachmembrane patch can host at most oneIC), stochasticIC loss
proceeds through a one-step master equation:

dp

d—;" =r(m+1)Ppy () +8(M—=1)Pp_y (O — (r(m) + g(mM)) Pp, ().

Here, P, (t) represents the probability that m bonds remain closed
betweenanICand the FDC at time ¢, which evolves due to dissociation
ofany closed bond at an unbinding rate r (m) = mk; and formation of
anew bond at arebinding rate g (m) = C(m)k,,. We set g(0) = 0 to avoid
IC reassociation. Rebinding shifts the equilibrium state away from
complete dissociation, stabilizing multivalent binding (IC survival) in
the presence of noise. Eventually, all bonds break if one waits long
enough. The CR2-C3dsingle-bond dissociation rate, k., was obtained
from Bio-Layer Interferometry. In the model k31 = 1/(0155) = 75
sets the time unit. k,, was adjusted to recapitulate the typical half-life
of ICs observed at known CR2 concentrations.

The key quantity in the rebinding rate, C(m), counts the number
of binding configurations (bond arrangements) given m closed bonds.
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Importantly, the form of C(m) depends on bond properties
(for example, length and flexibility) and binding geometry (for exam-
ple, C3d spacing, curvature of the IC surface, distance of IC from the
FDC surface when bound). We used the all-to-all binding scenario:
C(m) = (ng — m)(n. — m), whereby each of n, C3dligands onaguestICis
accessible to all ny CR2 on the host membrane patch. This scenario is
appropriate for long, flexible molecules like CR2. Note that C(m)
changes rapidly with the valency m due to nonlinearity, resulting in a
high sensitivity of IC survival to CR2 concentration.

We simulated the model and computed the time-dependent sur-
vival probability of anIC, S (¢) = ¥ """ p, (1), for agiven CR2 concen-
tration (ny). To account for variations of CR2 density for agiven mean
value (corresponding to different FDC populations), we consider a
Poisson distribution of CR2 level among membrane patches for a cer-
tain mean CR2 density (ng): P(ng) = e~ (ng)™ /ny!. By averaging over
this distribution, we obtain the mean IC survival rate (S(¢)) and use
(S(0)) (ng) to represent the overall surface concentration of IC on the
FDCs. InFig. 6b we plot this quantity against time and also extract the
half-life (time taken to reach half of the initial IC level) at varying
CR2 concentrations.

Anti-CD40L treated mice

Mice wereimmunized with afirst antigenimmunocomplex (immuni-
zation protocol) and 5 days later injected i.p. with 200 pg anti-CD40L
blocking antibody or its isotype control (BioXCell) on the subse-
quent 2 days. Mice were subsequently immunized with a second
antigenimmunocomplex and injected again 2 days later with 200 pg
anti-CD40L blocking antibody or its isotype control for the sub-
sequent 2 days. Draining LNs were used for flow cytometry and
microscopy.

Anti-CD21/35 blocking antibody treated mice

Mice were injected with 2 pg anti-CD21/35-BV421 (clone 7G6; BD Bio-
sciences) subcutaneously in the upper and lower flank to target the
brachial, axillary and inguinal draining LNs starting on the day of the
experiment and every 2 days thereafter up to three injections. Mice
were subsequently immunized with antigen-immunocomplexes (fol-
lowing theimmunization protocol described above) and analyzed after
24 h, 4 days and 7 days postimmunization.

ELISA

Inimmunized mice, serawere obtained at21and 56 days after immuni-
zation. Plate-bound NP(7)-BSA and NP(25)-BSA (10 pg ml™) was used to
measure antigen-specific antibodies. Class-switched serumimmuno-
globulin levels were detected using SBA Clonotyping System HRP kit
(Southern Biotech). Antibody titers are given as -log,(dilution) x 40.
Positive values were defined as those 3 s.d. above mean values of the
negative controls®.

Quantification and statistical analysis

Prism v.9.1.2 (GraphPad Software) was used to assess statistical
significance of non-RNA-seq data. The sample size (n), statistical
significance and statistical tests are indicated in the legends. Data
distribution was assumed to be normal, but this was not formally
tested. Data collection and analysis were not performed blind to
the conditions of the experiments and no formal randomization
was used. No statistical methods were used to predetermine sample
sizes but our sample sizes are similar to those reported in previ-
ous publications®. All data points were analyzed unless there were
technical errors.

Reporting summary
Furtherinformation onresearch designisavailablein the Nature Port-
folio Reporting Summary linked to this article.

Data availability

Ensembl GRCm38 was used as the reference genome to build the index.
The mouse scRNAseq data are available in GEO under accession no
GSE213254.Source data are provided with this paper.

Code availability

Matlab script for FDC segmentation is available at https://github.com/
ptolar/FDCseqmentation. Code used to analyze scRNAseq s available
athttps://github.com/FrancisCrickInstitute/Cxcl13_project.
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Extended Data Fig. 1| Antigens centralize on the FDC network. a) Maximum
intensity projection of confocal images of clarified LNs of mice immunized

with IC-PE (magenta). FDC networks arein cyan (anti-CD21/35) (n = 6 LNs; 3
experiments). b) Image analysis to quantify antigen distribution within each B
cellfollicle. c) Confocal image of an FDC network (cyan) after immunization with
two subsequent ICs in PBS analyzed 7 days after the firstimmunization (IC-PE;
magenta) and 24 hours after the second (IC-488; yellow). Single-color images
of IC-488 (left) and IC-PE (right) are shown below. Cyan line demarcates FDC
network boundary based on anti-CD21/35 staining. Right, quantification of the
distribution of both antigens on the FDC network. (n = 8 LNs; 2 experiments).

d) Confocalimage of an FDC network (cyan) after immunization with two
subsequentICsasin C for 14 and 7 days. Single-color images of IC-488 (left) and
IC-PE (right) are shown below. Cyan line demarcates the FDC network boundary
based on anti-CD21/35 staining. Right, quantification of the distribution of

bothantigens on the FDC network (n =12 LNs; 2 experiments). €) Image of an LN
FDC network (cyan) 56 days after immunization with IC-PE (magenta). Right,
single-colorimage of IC-PE (gray) with cyan line demarcating the FDC network
boundary based on anti-CD21/35 staining (n =4 LNs; 1 experiment). f) Image
ofadraining LN 21 days after immunization with IC-PE (red). Naive B cells are
showningray (anti-IgD). (n =4 LNs; 2 experiments). g) Image of adraining LN

7 days after immunization with AF555-labeled mi3-Spycatcher nanoparticles
coated with YU-gp120-Spytag HIV envelope protein (magenta). FDC networks are
shownincyan (anti-CD21/35). White square indicates the region magnified. Cyan
line demarcating the FDC network boundary based on anti-CD21/35 staining
(n=3LNS;2experiments). h) Flow cytometry gating strategy to analyze FDCs.
Quantitative data show the mean + SD analysis by two-tailed t-test or one-way
ANOVA with multiple comparisons.
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Extended Data Fig. 2| B cell activation is required for FDC expansion.

a) Quantification of the FDC network volume per LN based on anti-CD21/35
stainingin clarified LNs from non-immunized (n = 8 mice) and 13 days post-
immunized (n =9) mice with IC-PE. b) Representative immunofluorescence
images of LN B cell GCs from mice immunized for 14 days with IC-PE. Upper row
shows the merged image of GL7 (yellow), IC-PE (magenta), and anti-CD21/35
(cyan) and the corresponding single-color images (gray). Yellow line demarcates
GL7 staining and magenta line IC-PE localization (n = 4 mice). Lower row shows
the merged image of anti-PD1 (yellow), IC-PE (magenta) and anti-CD21/35 (cyan)
and the corresponding single-color images (gray). Yellow line demarcates PD1

staining and magenta line IC-PE localization (n =4 mice). ¢) FDC numbers in
non-transgenic C57BL/6 (WT; n=5) and BCR-transgenic B1-8f (B1-8"* Igk’"; n = 6)
and MD4 mice (n =2) 24 hours afterimmunization with IC-PE. d) Representative
confocalimages of LNs from non-tg (WT), B1-8f and MD4 mice 24 hours after
immunization with IC-PE (magenta). FDC networks are shown in cyan (anti-
CD21/35). The white line delimits the edges of the organs. e) Percentage of GCB
cellsin non-immunized (light gray; n =4 mice) and IC-immunized mice treated
withanti-CD40L (orange; n = 8 mice) or isotype control antibody (black;n=8
mice) as described in Fig. 2b. Quantitative data show means + SD and analysis by
two-tailed one-way ANOVA with multiple comparisons.
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Extended Data Fig. 4 | SCRNAseq of follicular stromal cells. a) Experimental
workflow for scRNAseq of Cxcl13-TdTomato* LN cells. Cxcl13-TdTomato mice
were immunized consecutively with two ICs separated by 7 days or only with
onelC. 24 h after the lastimmunization, draining LNs were dissociated into a
single-cell suspension, stained and live cells were flow-sorted based on PDPN

and TdTomato positivity. Single-sorted cells were used for 10x RNA sequencing.

b) Feature plots showing expression of markers for hematopoietic cells (H2-

Aa) and cytokines important for LN organization, Cxcl12 and Cxcl13. ¢) Violin
plots showing the expression of Myhll and Fcer2a on the three FDC clusters
fromFig.4c (LZ1lingreen,LZ2inred, and DZ in blue). One-tail adjusted P for
multiple comparisons. d) Confocal image of a LN from amouse after 7 days
postimmunization with IC-PE (yellow). CR2 staining is shown in cyan and CD16/32
inmagenta (n =4 LNs; 2 experiments).
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Extended Data Fig. 5| Antigen degradation by FDCs. a) Quantification of
Atto488 intensity after treating the control sensor lacking the BHQ-1quencher
or antigen-degradation sensor (1:9 antigen:quencher molar ratio) with protease
for 30 minat 37 °C. b) Naive B cells were incubated with beads coated with anti-
IgM and the antigen-degradation sensor (green) or control sensor (orange) at
indicated times at 37 °C. Plots illustrate Atto488 and AF647 intensity on B cells
containing degradation sensor beads or control sensor beads. Graphs show the
percentage of B cells containing quenched antigen (% of Atto488-low) and the

levels of antigen degradation on B cells containing beads (measured as Atto488/
AF647 intensity ratio) (2 experiments). ¢) Contour plots show Atto488 and
AF647 levels on B cells (blue) and FDCs (gray) containing IC-antigen-degradation
sensor at different time points post-immunization. d) Quantification of the
antigen degradation levels in antigen” B cells and FDCs at different time points
post-immunization. (n = 7 mice; 2 experiments)). All quantitative data show
means + SD analyzed by two-tailed unpaired t-test.
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Extended DataFig. 6 | Invivo IC deposition on FDCs requires CR2 expression.
a) CR2, FCER2A and FCGR2B membrane expression on FDCs from mice described
inFig. 2c. b) Experimental workflow. Lethally irradiated CD45.2 WT (n = 6) and
Cr2-KO (n =4) mice reconstituted with bone marrow cells from WT CD45.1/
CD45.2 mice and immunized with IC-PE and IC-488 6 days later. ¢) Gating strategy
based on FCGR2B and VCAM1 expression to analyze FDCsin CD45.2 WT and
Cr2-KO mice reconstituted with WT CD45.1/CD45.2 BM. Ingray, FCGR2B and
VCAMI expression on WT FDCs (PDPN* CD31"Madcaml* CD21/35");inred, on
PDPN*CD31 stromal cells. d) CR2 expression on WT and Cr2-KO FDCs from mice
asdescribed in (B). e) Percentage of FDCs loaded with IC"PE and IC-488 from
mice described in (B). f) Quantity of ICloaded in the FDC network from mice
described in (B). g) Surface CR2 density onIC* (red) or IC” (gray) FDCs 7 days after
immunization. Plots show the median (line), the 25" and 75" percentiles (box)
and 1.5x the interquartile range (whiskers) of the number of CR2 molecules/

um? (n = 8 mice; 2 experiments). h) Schematic of the binding of a C3d-coated IC
to the surface of an FDCillustrating the mathematical modelling parameters.

i) Percentage of FDCs loaded with IC-PE and amount of IC-PE 24 h after IC-PE
immunization and injection of anti-CD21/35 blocking antibody (n =2 mice). j)
Immunization workflow to analyze the effect of blocking CR2-C3d binding using
ananti-CD21/35 antibody (7G6). k) Percentage of FDCs within the stromal PDPN*
cellsin LNs from mice untreated (black) or treated (blue) for 7 days with anti-
CD21/35 (7G6) blocking antibody as shown in ] (n = 4 mice). ) Number of FDCs per
LN and expression of FCGR2B and VCAM1in WT (black; n=5), Cr2-HET (dark blue;
n =5) and Cr2-KO mice (light blue; n = 4) bone-marrow reconstituted with WT
CD45.1cells. m) Representative images of a FDC network from mice described
inL.Cyan line demarcates FDC network based on FDCM1 stain (n = 5 mice; 2
experiments). Quantitative data show means + SD and analysis by two-tailed
unpaired t-test or One-way ANOVA with multiple comparisons.
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Extended DataFig. 7| Central FDCs can get partially saturated. a) Gating
strategy to analyze IgG1" cells within GC CD45.1* donor B cells in WT, Cr2-HET and
Cr2-KO mice bone-marrow reconstituted with CD45.1 WT cells and immunized
for 21 days with IC-NP. Non-immunized mice shown as control. b) Gating
strategy to analyze NP-specific B cells within GC CD45.1" donor B cells from mice
describedin A. ¢) Gating strategy to analyze plasmablasts (CD138 + NP+ within
CD45.1") from mice described in A. d) Gating strategy to analyze memory

B cells (CD38" PDL-2* within the NP-specific CD45.1* donor cells) from mice
describedin A. e) Representative confocal images of FDC networks from LNs of
WT, Cr2-HET and Cr2-KO mice bone-marrow reconstituted with WT CD45.1 cells
and immunized for 21 days with IC NP-PE (n = 3 mice). Upper panel shows FDCM1
staining. Lower panel shows NP-PE. f) Gating strategy to analyze FDCs containing
different combinations of ICs from consecutive immunizations with three
(lower panel) or four (upper panel) different fluorescent antigen-ICs as indicated

inFig. 7a, b. g) Workflow to analyze antigen displacement by subsequent
immunizations. Mice were immunized with IC-405 alone or followed by four
subsequentimmunizations with different ICs. Graphs show the percentage of
FDCsloaded with the first antigen and the quantity (MFI) of the loaded antigen
inthe two groups of mice (n =7 mice). h) Immunization workflow to analyze the
antigen-specific antibody response generated to NP under non-saturating (2-1C)
or saturating conditions (4-1C). i) Titers of high-affinity (NP(7)-BSA) and total
(NP(25)-BSA) NP-specific IgGlin sera of mice 21and 56 days afterimmunization
with either two antigen-ICs (No saturation condition; black; n = 8 mice) or four
antigen-ICs (Saturation condition; green; n = 7 mice) as in D. j) Ratio of binding to
NP(7) and NP(25), as measured by ELISA in mice immunized asinl. Quantitative
datashow means + SD and analysis by two-tailed unpaired t-test with multiple
comparisons.
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Sample size No statistical methods were used to pre-determine sample sizes but our sample sizes are similar to those reported in previous publications

Data exclusions  Pre-stablished exclusion of organs from mice where no fluorescent antigen was detected on the LNs after being immunized, indicating that
the immunization protocol was not properly executed.

Replication Experiments were repeated at least three times and/or with sufficient animals per group to demonstrate statistical significance. All
experiments are reproducible.

Randomization  No formal randomization was performed

Blinding Blinding was not performed since the data was quantitative and not subjective.
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Materials & experimental systems Methods

n/a | Involved in the study n/a | Involved in the study
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IXI |:| Clinical data
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Antibodies

Antibodies used Antibodies used (Reagent and conjugate, Clone, Cat.No, Source, Dilution):
anti-B220 BV605 (RA3-6B2), 103243, Biolegend (1/200)
anti-B220-BUV737 (RA3-6B2), 612839, BD Biosciences (1/200)
anti-B220-BV421 (RA3-6B2), 103240, Biolegend (1/200)
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anti-Bcl6 AF488 (K112-91), 561524, BD Biosciences (1/100)
anti-CD45.2-BV605 (104), 109841, Biolegend (1/200)
anti-CD45.2 FITC (104), 11-0454-85, eBIOSCIENCES (1/200)
anti-PDPN PE-cy7 (8.1.1), 127411, Biolegend (1/300)

anti-PD1 Biotin (29F.1A12), 135212, Biolegend (1/100)
anti-PDL2 Bv421 (TY25), 564245, BD Horizon (1/200)
anti-CD31-PerCP-Cy5 (390), 102420, Biolegend (1/250)
anti-CD21/35 PE (7E9), 123409, Biolegend (1/200)
anti-CD21/35 FITC (7E9), 123407, Biolegend (1/200)
anti-CD21/35 APC (7E9), 123411, Biolegend (1/200 Flow, 1/50 Clarification)
anti-CD21/35 BV421 (7E9), 123421, Biolegend (1/200)
anti-CD21/35 BV421 (7G6). 562756, BD Biosciences (1/200)
anti-CD21/35 APC-Cy7 (7E9), 123417, Biolegend (1/200)
anti-CD35 BV421 (8C12), 740029, BD Biosciences

anti-CD35 Biotin (8C12), 553816, BD Pharmigen (1/200)
anti-CD45.1- BV711 (A20), 110739, Biolegend (1/200)
anti-CD80 BV650 (16-10A1), 563687, BD Horizon (1/200)
anti-lgD AF647 (11-23c), 405708, Biolegend (1/200)

anti-lgM BUV395 (R6-60.2) 564025 BD Biosciences (1/100)
anti-IlgG1 PerCP-Cy5.5 (RMG1-1) 406611 Biolegend (1/200)
anti-MAdCAM-1 BV786 (MECA-367), 742817, BD Biosciences (1/200)
anti- T- and B-Cell activation antigen AF647 (GL7), 561529, BD Biosciences (1/200)
anti-CD95-PEcy7 (Jo2), 557653, BD Pharmigen (1/200)
anti-CD23-BUV395 (B3B4), 740216, BD Biosciences (1/200)
anti-CD16/32 purified (2.4G2), 553141, BD Biosciences (1/300)
anti-CD16/32 APC-cy7 (2.4G2), 101327, Biolegend (1/200)
anti-CD16/CD32 APC (2.4G2), 558636, BD Biosciences (1/200)
anti-CD38 PerCP-Cy5.5 (90), 102722, Biolegend (1/200)
anti-CD138 BV786 (281-2), 142534, Biolegend (1/200)
anti-H2-Kb/Dd FITC (28-8-6), 114605, Biolegend (1/200)
anti-PDPN polyclonal, AF3244, R&D (1/50)

anti-Myh11 (SM-M10), MA5-11971, Thermo Fisher (1/200)
anti-FDCM1, 551320, BD (1/75)

donkey anti-goat 1gG, 705-001-003, Jackson Imm
goat Fab2 1gG anti-horse, 108-006-003, Jackson Imm
Goat IgG, 005-000-003, Jackson Imm

rb anti-human IgG, 309-001-003, Jackson Imm
Human 1gG, 009-000-003, Jackson Imm
anti-B-Phycoerythrin, 100-4199, Rockland
anti-bovine 1gG, 301-001-003, Jackson Imm

Bovine 1gG, 001-000-003, Jackson Imm

anti-mouse CD40L (MR-1), BEO017-1, BioXCell
polyclonal hamster 1gG, BEO0O87, BioXCell

anti-rat 1IgG AF488, 44165, Cell Signaling (1/300)
anti-goat AF488, A21222, LIFE TECHNOLOGY (1/300)
SA BUV737, 612775, BD Biosciences (1/300)

SA APC, 405207, Biolegend (1/300)

Validation All antibodies came from commercial vendors, and were validated by the manufacturers on the official website for the specifies and
specified application (Flow cytometry, microscopy)

Eukaryotic cell lines

Policy information about cell lines and Sex and Gender in Research

Cell line source(s) 293-F Cells
Authentication Cell line identity was confirmed by STR profiling at The Francis Crick Institute
Mycoplasma contamination Cells tested negative for mycoplasma contamination

Commonly misidentified lines  None
(See ICLAC register)

Animals and other research organisms

Policy information about studies involving animals; ARRIVE guidelines recommended for reporting animal research, and Sex and Gender in
Research

Laboratory animals C57BL/6, Cr2-KO (Cr2tm1Hmo), CXCL13-TdTomato (Tg(Cxcl13-Cre/tdTomato)719Biat), B1-8fl (Ightm4Cgn IgkCtm1Cgn/tm1Cgn), MD4
(C57BL/6Tg(lghelMD4)4Ccg/)) and CD45.1 (B6.SJL-Ptprca Pepch /Boyl)) mice between 8-12 weeks of age were used. Both males and
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females were used and matched between groups.
Wild animals None
Reporting on sex This information has not been collected
Field-collected samples  None

Ethics oversight All experiments were approved by the Francis Crick Institute and UCL Ethical Review Panels and the UK Home Office.

Note that full information on the approval of the study protocol must also be provided in the manuscript.
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The axis scales are clearly visible. Include numbers along axes only for bottom left plot of group (a 'group' is an analysis of identical markers).
All plots are contour plots with outliers or pseudocolor plots.

A numerical value for number of cells or percentage (with statistics) is provided.

Methodology
Sample preparation A description of the sample preparation is detailed in the methods section
Instrument LSR-Fortessa, LSR Fortessa Symphony, LSR Fortessa X20
Software FACSDiva (BD Biosciences, v8.0.1), FlowJO(v10)
Cell population abundance Cellular population abundance is reported in the manuscript. Post-sorted fractions were directly analysed by scRNAseq,
which reported the purity of the sample.
Gating strategy FDCs gating strategy is reported in the paper. FDCs were gated by FSC/SSC and afterwards by alive cells, excluding

hematopoietic cells (CD45+ PDPN-) and specifically B cells (B220+), and selecting those stromal cells (PDPN+), non-
endothelial (CD31-), expressing high levels of CR2 (CD21/35hi) and Madcam1+ integrin receptor. Lymphocytes were gated by
FSC/SSC and afterwards by alive cells.

Tick this box to confirm that a figure exemplifying the gating strategy is provided in the Supplementary Information.
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