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SUMMARY

Follicular dendritic cells (FDCs), a rare and enigmatic
stromal cell type in the B cell follicles of secondary
lymphoid organs, store and present antigen to B
cells. While essential for germinal center (GC) re-
sponses, their exact role during GC B cell selection
remains unknown. FDCs upregulate the inhibitory
IgG Fc receptor FcgRIIB during GC formation. We
show that the stromal deficiency of FcgRIIB does
not affect GC B cell frequencies compared to wild-
type mice. However, in the absence of FcgRIIB on
FDCs, GCs show aberrant B cell selection during au-
toreactive and selective foreign antigen responses.
These GCs are more diverse as measured by the
AidCreERT2 -confetti system and show the persis-
tence of IgM+ clones with decreased numbers of
IgH mutations. Our results show that FDCs can
modulate GC B cell diversity by the upregulation of
FcgRIIB. Permissive clonal selection and subsequent
increased GC diversity may affect epitope spreading
during autoimmunity and foreign responses.

INTRODUCTION

Clonal B cell selection in germinal centers (GCs) is central to

developing high-affinity antibody responses. In GCs, evolution

occurs at a cellular level: high-affinity B cell clones are developed

through iterative cycles of stochastic somatic hypermutation

(SHM) and selection. These selected cells subsequently differen-

tiate into memory B cells and/or antibody secreting plasma cells.

T follicular helper cells (Tfh) in the light zone of theGCs are known

to be important in the selection of B cell clones, and T cell-

derived signals determine the subsequent proliferation of B cell

clones in the dark zone of the GC (McHeyzer-Williams et al.,

2015; Mesin et al., 2016; Victora and Nussenzweig, 2012; Vi-

nuesa et al., 2016).

Follicular dendritic cells (FDCs) are a rare type of stromal cell

that resides in B cell follicles of secondary lymphoid tissues.
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This is an open access article under the CC BY-N
FDC, which define the light zone of the GC, are essential for

GC formation andmaintenance, and are known to bind and store

antigen in the form of immune complexes (ICs) for presentation

to GC B cells (Suzuki et al., 2009; Wang et al., 2011). In mice,

complement receptors (CRs) expressed from the Cr2 gene

(CD21 and CD35, CR2 and CR1, respectively) are involved in

IC binding by FDCs (Phan et al., 2007), and we have shown pre-

viously that periodic internalization of CR1/2 bound IC is impor-

tant in the storage of these ICs (Heesters et al., 2013). Upon GC

formation, FDCs are known to upregulate IC receptors and the

integrin ligands intercellular adhesion molecule (ICAM) and

vascular cell adhesion molecule (VCAM), which appear to be

partly induced by lymphotoxin a1b2 on GC B cells (Myers et al.,

2013). The relevance of IC binding and presentation has been

an issue for debate as it has been found that in the absence of

detectable antigen on FDCs, GCs appear to form normally and

affinity maturation is unaffected (Hannum et al., 2000). However,

low amounts of ICs below the detection limit may be sufficient to

drive most responses. Recent studies have found that GC B cell

proliferation depends on both T cell-derived signaling and B cell

receptor (BCR) signaling upon binding antigen (Luo et al., 2018).

While FDCs are thought to present antigens to GC B cells in

the light zone, a direct role in GC B cell selection has never

been demonstrated. For instance, FDCs upregulate adhesion

molecules such as ICAM and VCAM upon GC formation, and

in silico models have suggested that other than T cell-mediated

selection, prolonged FDC-B cell contact through these adhesion

molecules could aid in the selection of lower-affinity B cells

(Meyer-Hermann et al., 2006). However, experimental studies

addressing such interactions did not show any effect on affinity

maturation and only modest effects on clonal selection (Wang

et al., 2014).

FDCs supporting GCs are known to upregulate the inhibitory

Fc receptor for immunoglobulin G (IgG), FcgRIIB (CD32).

FcgRIIB on lymphoid and myeloid cells has been well studied,

and it is known to inhibit many processes, including BCR

signaling and activation of myeloid cells through its immune-re-

ceptor tyrosine-based inhibitory motif (ITIM) (Bournazos and

Ravetch, 2015; Espéli et al., 2016; Li et al., 2014; Sharp et al.,

2013). On FDCs, however, the role of FcgRIIB is less well under-

stood. Bone marrow (BM) chimeras with FcgRIIB-deficient
rts 29, 2745–2755, November 26, 2019 ª 2019 The Authors. 2745
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during GC Responses, but It Does Not Affect

GC B Cell Frequencies in 564Igi Mixed BM

Chimeras

(A) Cropped confocal micrograph of a cryosection

from a B6 popliteal lymph node 12 days after immu-

nization with NP-CGG/alum. FDC networks are

shown in red (CD35), FcgRIIB in green, and GC B

cells in blue (Gl7). Scale bar, 100 mm.

(B) FcgRIIB staining on FDC networks and GC size

at various days post-immunization. FcgRIIB mean

fluorescence intensity (MFI) was measured within

FDC masks as defined by CD35 staining. GC size

was determined by GL7 staining associated with

FDC networks. The absence of GL7 staining near

FDCs was scored as an area of zero pixels. Each

point contains at least 20 FDC networks from a

total of 3–4 mice per time point. ***p < 0.001,

****p < 0.0001, Kruskal-Wallis with Dunn’s post hoc

testing, tested versus day 0. Error bars represent

SEMs.

(C) Experimental setup of 564Igi mixed BM chi-

meras. BM cells harvested from CD45.1 and 564Igi

homozygous mice were transferred (2:1 ratio) to

age-matched, lethally irradiated B6 or FcgRIIB�/�

recipients. Eight weeks post-transfer, GC fre-

quency and chimerism were assessed by flow

cytometry.

(D) GC B cell frequencies in spleen, inguinal lymph

nodes (LNs) and mesenteric lymph nodes (mes)

of chimeras, and naive B6 and 564Igi ho-

mozygous mice as measured by the frequency of

GL7+CD38lo cells within B220 gated lymphocytes.

n = 5 mice for B6 recipients and 7 mice for FcgRIIB�/� recipients. Kruskal-Wallis with Dunn’s post hoc testing, tested for each tissue separately. Error bars

represent SDs.

(E) Chimerism in peripheral blood in B6 and FcgRIIB�/� recipients showing the percentage of B cells derived from 564Igi BM (anti-idiotype+, in blue) and

B cells derived from CD45.1 BM (red). Also shown is the idiotype frequency in a 564Igi homozygous mouse to indicate the idiotype baseline frequency.

Error bars represent SDs.

(F) Frequency of CD45.1 BM-derived cells within GC B cells. Error bars represent SDs.
stromal cells are capable of forming GCs, although it has been

reported that recall responses may be perturbed in the absence

of FcgRIIB on FDCs (Barrington et al., 2002; Qin et al., 2000).

However, both studies relied on adoptive transfer to FcgRIIB-

deficient mice rather than full BM chimeras and furthermore

lacked in-depth studies of GC selection. In addition, reporter

mice that allowed confident tracking of memory B cells, such

as the AidCreERT2EYFP (enhanced yellow fluorescent protein)

line, were not available at the time.

FcgRIIB is known to be involved in the loss of tolerance, and

SNPs affecting inhibitory signaling or antibody binding are

robustly associated with systemic lupus erythematosus (SLE)

and other autoimmune diseases (Baerenwaldt et al., 2011; Chu

et al., 2004; Floto et al., 2005; Kyogoku et al., 2002). We have

recently described a murine SLE model that enables the study

of wild-type (WT) autoreactive GC B cells (Degn et al., 2017). In

this model, BM from the ribonuclear protein (RNP) complex reac-

tive 564Igi knockinmice (564Igi) ismixedwithWT or reporter BM.

Upon transfer to irradiated recipients, spontaneous GCs are

formed consisting primarily of WT-derived B cells. We have

shown previously that these WT-derived cells are, at least in

part, autoreactive. Since this model is based on the generation

of BM chimeras, it is ideal to study the role of FDCs during
2746 Cell Reports 29, 2745–2755, November 26, 2019
autoreactive responses, as FcgRIIB deficiency will be limited

to the stromal compartment in knockout recipients. Using this

approach, we find that in the absence of FcgRIIB on FDCs,

564Igi-induced spontaneous GCs are more diverse, suggesting

that FDCs canmodulate GC selection through FcgRIIB, depend-

ing on the type of response.

RESULTS

FcgRIIB Is Upregulated on FDCs and Contributes to IC
Binding upon GC Formation
Previous reports have shown that FcgRIIB is upregulated on

FDCs supporting GCs. To better understand FcgRIIB expression

kinetics on FDCs, we analyzed cryosections of draining popliteal

lymph nodes (LNs) at various time points after subcutaneous im-

munizations. Increased staining of FcgRIIB on FDCs followed

GC formation, measured as a GL7+ area, peaked at �12 days

post-immunization (Figures 1A and 1B).

We recently published a model that allows the study of WT B

cell repertoires during spontaneous GC responses (Degn et al.,

2017). Given the association of FcgRIIB deficiency with the

loss of tolerance, we used this model to study FDC function dur-

ing autoreactive B cell responses. In addition, since this model is
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Figure 2. FcgRIIB Contributes to IC Binding

in 564Igi Mixed BM Chimeras

(A) Confocal micrographs of FDC networks in

splenic cryosections from passively immunized

564Igi mixed BM chimeras. The recipients of 564Igi

mixed BM chimeras were passively immunized with

pooled serum from WT mice immunized with PE in

complete Freund’s adjuvant (CFA), followed by i.v.

PE injection. The left panels show representative

FDC networks from a WT and FcgRIIB�/� recipient

with indicated staining. The right panels show the

same networks with the mask outline (based on

CD35 staining) used for quantification and the PE

signal only. Only FDC networks associated with

clusters of Ki67+ GC were included in the analysis.

The arrowhead in the left panel indicates non-FDC-

associated PE, likely derived from a dendritic cell

(DC) or macrophage. Scale bar, 100 mm. All of the

panels are scaled equally.

(B) Quantification of PE on FDCs in passively

immunized 564Igi chimeras. B6, C57BL/6 recipients

of 564Igi mixed BM and FcgRIIB�/� (KO, knockout)

recipients of 564Igi mixed BM, n = 3mice per group;

each point represents 1 FDC network. No IgG and

no PE are negative controls, with B6 564Igi mixed BM chimeras receiving PE only or no IgG and PE, respectively.

(C) Area of each FDC network mask in number of pixels. NS, not significant, ****p < 0.0001, ANOVA with Tukey post hoc test, B6 versus all other groups.
based on the generation of mixed BM chimeras, the genotype of

the recipient is limited to the radiation-resistant stromal compart-

ment. Using CD45.2 B6 or CD45.2 FcgRIIB-deficient mice as

recipients for CD45.2 564Igi and CD45.1 BM, we found sponta-

neous GC formation in the spleen and to a lesser extent in skin

draining lymph nodes (LNs) (Figures 1C and 1D). As documented

previously, the WT-derived B cells in this model efficiently

outcompete the autoreactive 564Igi cells in the periphery. BM

chimeras showed high levels of chimerism in the B cell compart-

ment as indicated by the high level of CD45.1+ circulating B cells

8 weeks post-BM transfer (Figure 1E). Nevertheless, we could

detect a small portion of 564Igi-derived B cells as measured

by anti-idiotype staining within circulating B cells (Figure 1E).

The contribution of this is likely to be a slight underestimation,

as in 564Igi homozygous mice the idiotype frequency in periph-

eral B cells is �90%. In line with previous results, the majority of

GC B cells in this model are derived from the WT (CD45.1) donor

(Figure 1F). We did not observe differences in GC B cell fre-

quencies between WT and FcgRIIB-deficient recipients, sug-

gesting that FDC-expressed FcgRIIB does not influence the

magnitude of GC formation.

FcgRIIB staining on FDCs in splenic cryosections of

564Igi:CD45.1 mixed BM chimeras was localized to where the

GC B cells contacted the FDC network (Figure S1A). The periph-

ery of the FDC network, however, remained mostly negative for

FcgRIIB staining. This was also apparent in LNs from 4-hydroxy-

3-nitrophenylacetyl-chicken g-globulin (NP-CGG)-immunized

mice (Figure 1A). FDC networks in splenic sections of FcgRIIB-

deficient recipients did not stain with the anti-FcgRIII/FcgRIIB

antibody (Figures S1A and S1B). This also excludes the potential

co-staining of closely associated GCB cells, which, while known

to express FcgRIIB, typically do not stain positive with this anti-

body on cryosections. In addition, since the antibody used also

recognizes FcgRIII (CD16), this indicates specific FcgRIIB stain-
ing on FDCs under these conditions, as reported previously (Qin

et al., 2000). FDCs upregulate the adhesion molecules ICAM and

VCAM upon GC formation. In addition to FcgRIIB, thesemarkers

are often associated with FDC activation. We did not observe

any changes in ICAM or VCAM expression in the absence of

FcgRIIB on FDCs compared to WT (Figures S1C and S1D).

Thus, FDC upregulate FcgRIIB during GC formation. However,

FcgRIIB on FDCs does not appear to modulate ICAM/VCAM up-

regulation or the magnitude of spontaneous GC responses.

FcgRIIB on FDC Contributes to IC Binding
FDCs are known to bind and present antigen in the form of ICs.

To test whether FcgRIIB contributed to IC binding by FDC in

564Igi mixed BM chimeras, we used a passive anti- phycoery-

thrin (PE) immunization approach. This approach was chosen

to prevent any potential bias that would be associated with the

direct immunization of FcgRIIB�/� recipients. Pooled serum

from PE-immunized WT mice was injected in 564Igi mixed BM

chimeras using B6 or FcgRIIB-deficient mice as recipients. The

next day, B-PE as a traceable antigen was injected intravenously

(i.v.), and 48 h later, the presence of PE wasmeasured on splenic

FDC networks using confocal microscopy. PE was readily

observed on FDC networks in B6 recipients (Figure 2A); how-

ever, a significant decrease in PE bound to FDCs was observed

in FcgRIIB�/� recipients (Figures 2A and 2B). The deposition of

PE on FDCs in B6 recipients was dependent on the passive im-

munization of anti-PE (Figure 2B). Decreased IC binding was not

due to decreased FDC network size, as the area of the masks

based on CD35 staining was unaltered between B6 and

FcgRIIB�/� recipients. We observed a similar decrease in PE

IC binding in a direct immunization strategy of full FcgRIIB�/�

knockout mice compared to B6 mice (Figure S2).

Our data suggest that FcgRIIB on FDCs contributes substan-

tially to IC binding by FDCs.
Cell Reports 29, 2745–2755, November 26, 2019 2747



FcgRIIB on FDCs Enhances Clonal Selection during
Spontaneous GC Responses
Since we observed decreased IC binding by FcgRIIB�/� FDC, we

investigatedwhether this decreased ICbindingwould affect GCB

cell selection. AicdaCreERT2Confetti reporter allows the visualiza-

tion of clonal selection during GC responses. In this reporter,

the expression of a tamoxifen-controlled Cre recombinase is

limited to GC B cells expressing the Aicda gene product activa-

tion-induced cytidine deaminase (AID). Upon tamoxifen treat-

ment, theCre-ERT2 fusion proteinmediates the random selection

of 4 fluorescent proteins from 2 separate confetti alleles, which

generates 10 different potential color combinations. Tamoxifen

treatment in these reporter mice during a B cell response will

generate a pool of GC B cells in which each cell will express 1

of 10 color combinations. As daughter cells continue to express

the selected combination of fluorescent proteins after tamoxifen

treatment, clonal selection can be visualized by measuring the

frequencies of each color combination within each GC (Tas

et al., 2016). Using thismodel, we have previously shown a robust

clonal selection of spontaneousGCBcells in 564Igi-inducedGCs

(Degn et al., 2017). To investigate whether FcgRIIB on FDCs is

involved in this process, B6 or FcgRIIB�/� mice received a

mixture of AicdaCreERT2Confetti and 564Igi BM after lethal irradia-

tion. After 6–7 weeks, GC B cells were induced to express a

randomfluorescent protein from the confetti cassettes by a single

tamoxifen gavage.We assessed clonal selection by analyzing the

color distribution of GCB cells at various time points post-tamox-

ifen induction (Figure 3A). Similar to our previous studies, sponta-

neousGCs inB6 recipients reachedpauci-clonality over a span of

31 days. However, in FcgRIIB�/� recipients, color dominance

was consistently depressed at 14 and 31 days post-tamoxifen in-

duction (Figures 3B–3D). A similar trend was observed in the

divergence index, which measures the divergence away from

the initial color distribution asmeasured 3 days after tamoxifen in-

duction (Figure 3E). These results suggest that FcgRIIB on FDCs

enhances clonal selection in spontaneous GCs.

FcgRIIB Enhances Clonal Selection during Specific
Foreign Responses
We next tested whether the observed effect of FDC-expressed

FcgRIIB on clonal selection extended beyond autoreactive re-

sponses. B6 and FcgRIIB�/� mice were irradiated and received

AicdaCreERT2Confetti BM. GC diversity after sheep red blood cell

(SRBC) (Figure 4A) or influenza virus hemagglutinin (HA/alum;

Figure S3A) immunizations was subsequently assessed. GCs

induced upon SRBC immunization showed increased color di-

versity at day 14 post-tamoxifen, reaching pauci-clonality at

day 31 in B6 recipients. In FcgRIIB-deficient recipients, however,

we observed decreased frequencies of the most dominant color

at day 14, indicating less stringent clonal selection (Figure 3B).

This trend continued up to 31 days post-tamoxifen treatment.

At this time point, the difference between B6 and FcgRIIB-defi-

cient recipients did not reach statistical significance, possibly

due to some GCs in FcgRIIB-deficient recipients reaching

pauci-clonality, while many others remained diverse (Figure 4C).

This bimodal distribution at day 31 persisted when summing the

frequencies of both the 1st and 2nd most dominant clones

(Figure 4D). Divergence indices trended toward decreased clon-
2748 Cell Reports 29, 2745–2755, November 26, 2019
ality at days 14 and 31 in FcgRIIB-deficient recipients, although

this was not statistically significant.

Upon immunizations with HA/alum inAicdaCreERT2Confetti chi-

meras, we observed a large spread in clonalities in both B6 and

FcgRIIB-deficient recipients at day 14 post-tamoxifen (Fig-

ure S3B), with many GCs remaining as diverse as 3 days

post-tamoxifen. However, at day 31, most GCs reached pauci-

clonality. The HA/alum immunization schedule did not result in

altered GC diversity in FcgRIIB-deficient recipients (Figures

S3C–S3E).

Appearance of Low SHM Clones in the Absence of
FcgRIIB on FDCs in 564Igi-Induced GCs
To investigate in greater detail the impact that the loss of FcgRIIB

on FDCs has on spontaneous GCs, we sequenced BCRs from

single B cells from individual GCs. This was accomplished by

photoactivating GCs in spleen sections from B6 or FcgRIIB�/�

recipients of a 1:2 mix of 564Igi and photoactivatable GFP

(paGFP) BM. The subsequentmagnetic enrichment of GCB cells

followed by fluorescence-activated cell sorting (FACS) of photo-

activated GCB cells allowed us to obtain sequences from clones

from individual GCs (Figure 5A and 5B). Overall, this approach

yielded IgH-derived sequences from 9 GCs from B6 recipients

and 6 GCs from FcgRIIB�/� recipients containing R10 se-

quences. Several photoactivated GCs that yielded %9 se-

quences were excluded from analysis. Most GCs showed

selection toward select heavy chain V regions (VH) per GC, as

we have observed previously (Figure S4; Degn et al., 2017).

While the overall response appeared diverse in terms of VH us-

age, we observed VH regions that were found in our previous

studies, such as J558.22.112, and to a lesser extent,

VHQ52.a27.79. In addition, some GCs contained clones bearing

VH regions J558.53.146 and J558.75.117. These particular VH

regions were found previously in autoreactive antibodies cloned

from 564Igi-induced WT-derived GC B cells (Figure S4; Degn

et al., 2017).

Globally, we did not observe large differences in diversity at the

VH level between B6 and FcgRIIB�/� recipients, indicating that

differences observed in the confetti system are likely the result

of a more complex selection process (Figure 5C). However,

when comparing SHM levels, we noted fewer mutations in IgM+

clones in FcgRIIB�/� recipients at both the nucleotide and the

amino acid level (Figures 5D and 5E). Grouping clones by their

GCs and plotting SHM for either the IgM or IgG isotype showed

that all but one GC in the FcgRIIB�/� recipients contained IgM+

clones of lower SHM (Figure 5F). By examining the distribution

of SHM in each group, a population of low SHM IgG+ clones in

FcgRIIB�/� recipients was also observed (Figures 5G and 5H).

Persistence of Low SHM Clones in Spontaneous GCs of
FcgRIIB�/� Recipient Mice
The presence of predominantly low SHM, IgM+ GC B cells in the

absence of FcgRIIB on FDCs could result from either an

increased influx of naive clones or a persistence of low SHM

clones within the GC. We used the AicdaCreERT2-flox-stop-flox

EYFP (AicdaCreERT2EYFP) model to measure SHM in clones

that persist or reenter in GCs. In this model, tamoxifen induces

the irreversible expression of EYFP in a portion of AID expressing



A

B

C D E

AicdacreERT2 Confetti + 564H+k+

0 31 daysB6 or FcγRIIB-/- 3 14
6-7weeks

tamox Analyze spleen ex vivo
by 2-photon

0.0

0.5

1.0

1.5

2.0

|F
re

qo
bv

-F
re

qe
xp

|

Divergence index

3 14 31
Days

**** **** ********

0.0

0.5

1.0

fre
qu

en
cy

 

Dominant color

3 14 31
Days

**** **** ****NS

**
0.0

0.5

1.0

su
m

 o
f f

re
qu

en
cy

1st and 2nd dominant color

3 14 31
Days

**** **** ******

* **

B6 FcγRIIB-/-

FcγRIIB-/-B6 FcγRIIB-/-B6 FcγRIIB-/-B6

Day 3 Day 14 Day 31

Figure 3. Increased GC B Cell Diversity in the Absence of FcgRIIB on FDCs
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(B) Representative images cropped frommultiphoton optical sectioning of spleens from B6 or FcgRIIB�/� recipients 3, 14, or 31 days post-tamoxifen treatment.

Scale bar, 100 mm. All of the images are scaled equally.

(C–E) Quantification of color dominance in splenic GCs from B6 (red circles) or FcgRIIB�/� (blue squares) mixed BM recipients. Images were blinded for recipient

genotype before counting. The graphs depict the frequency of themost dominant color (C), the sum of frequencies of 1st and 2ndmost dominant clone (D), and the

divergence index (E). The color distribution for B6 recipients at day 3 was used to calculate the divergence index for all of the points. Each point represents one

GC; the line indicates the median. Pooled data from 4 independent experiments, n = 3–6 mice for each genotype at each time point. Kruskal-Wallis with Dunn’s

post hoc testing for statistical analysis. Asterisks above the graphs indicate significance relative to day 3 post-tamoxifen within genotypes; asterisks below the

graphs indicate the significance between genotypes within time points. The tests comparing between time points and between genotypes were included in

adjusted p value calculations, but they are not indicated.
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fluorescent proteins from the confetti cassettes 4 days post-immunization. An additional boost of 107 SRBC was given to maintain robust GC 21 days post-

tamoxifen.

(B) Representative cropped images of SRBC-induced splenic GCs at day 14 post-tamoxifen induction in B6 (left) or FcgRIIB recipients (right). Scale bar, 100 mm.

All of the images are scaled equally.

(C–E) Quantification of color dominance in splenic GCs shown as the frequency of the most dominant color (C), the summed frequency of 1st and 2nd most

dominant color (D), and the divergence index (E). The divergence index was calculated based on the color distribution of GCs in B6 recipients at day 3 post-

tamoxifen. Pooled data from 2 independent experiments; n = 3–4 mice per group per genotype. Kruskal-Wallis with Dunn’s post hoc was used for statistical

testing. Asterisks above the graphs indicate the significance relative to day 3 post-tamoxifen within genotypes; asterisks below the graphs indicate the signif-

icance between the genotypes within time points. The tests comparing between time points and between genotypes were included in adjusted p value cal-

culations, but they are not indicated.
GC B cells. By sorting and subsequently sequencing EYFP+ GC

B cells, we measured SHM in a population that persisted (or re-

entered) in the GC since the time of the tamoxifen induction. Chi-

meras were generated with B6 or FcgRIIB�/� recipients of mixed

564Igi and AicdaCreERT2EYFP BM (Figure 6A). Single EYFP+ GC

B cells from chimeras treated with tamoxifen 1 or 2 weeks earlier

were sorted (Figure 6B). Similar to our previous results (Fig-

ure 1D), we did not observe a difference in the frequency of total

GC B or EYFP+ GC B cells between B6 or FcgRIIB�/� recipients

(Figures 6C, S5A, and S5C). The presence of EYFP GC B cells

was largely dependent on 564Igi BM since BM chimeras

receiving a mix of B6 and AicdaCreERT2EYFP BM showed an

�3-fold lower frequency of EYFP+ GC B cells, although some

background GC formation was observed compared to tamox-

ifen-treated naive AicdaCreERT2EYFP mice (Figure 6C). A similar

trend was observed when gating on all GC B cells, irrespective
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of EYFP expression (Figure S5A). We used the irreversible label-

ing of GC B cells by EYFP to measure the amount of memory

B cells that arose from GCs, defined as EYFP+ cells negative

for GC markers (Gl7loCD38hi). Although the overall frequency

of these cells was low, we found no clear differences in the fre-

quencies of these cells between B6 and FcgRIIB�/� recipients

(Figure S5B). Similarly, at 2 weeks post-tamoxifen, there was

no difference between recipients in the frequency of YFP+ GC

B cells, YFP+ memory cells, or YFP+ CD138+ plasma cells/blasts

relative to the total B cell population (Figures S5C–S5F).

Upon the sequencing of EYFP+ GC B cells, suppressed SHM

in IgM+ clones in FcgRIIB�/� recipients at 1 and 2 weeks post-

tamoxifen induction was observed (Figures 6D–6G). One week

after tamoxifen treatment, roughly 30% of the recovered se-

quences were IgM derived irrespective of recipient genotype.

At 2 weeks post-tamoxifen, the frequency of IgM sequences
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Figure 5. Decreased SHM in IgM+ B Cell Clones in FcgRIIB�/� 564Igi Mixed BM Chimeras

(A) Experimental setup to analyze B cell clones from individual GCs. B6 or FcgRIIB�/� mice received a mix of 564Igi- and paGFP-derived BM cells (1:2 ratio) after

lethal irradiation.

(B) Sorting strategy for sorting photoactivated GC B cells from single GCs in the spleen. Nine weeks post-BM transfer, mice were euthanized and �2-mm-thick

spleen sections were imaged by 2-photon microscopy. Mice had received phycoerythrin immune complexes (PE:IC) 1 day before the endpoint and CD169-PE

30 min before the endpoint to visualize FDC networks and marginal zone macrophages bordering the follicles. GCs were identified by the presence of auto-

fluorescent tingible body macrophages. One GC was photoactivated per spleen section. After generating single-cell suspensions and staining for GC markers,

photoactivated Gl7hiCD38lo cells were sorted. Scale bar, 100 mm.

(C) Global distribution of VH usage between GC B cells from B6 and FcgRIIB�/� recipients. VH segments found to be involved in 564Igi-induced GCs in previous

studies are indicated (Degn et al., 2017). The numbers in the center of the charts reflect the total analyzed sequences (n = 3 mice per group).

(D) Somatic hypermutation within Fr1-CDR3 as measured by the number of mismatched nucleotides compared to best matched germline cassettes. Follicular

B cells (FoBs) from a naive paGFP mouse were used as a negative control. Each point indicates one IgH sequence; the line indicates the median. ****p < 0.0001,

Kruskal-Wallis with Dunn’s post hoc testing, compared to all of the groups within the graph. Not indicated is the statistical significance between the IgM FoB

group and the FcgRIIB�/� IgM group; p = 0.03.

(E) Mutation analysis as in (D) at the amino acid level, ****p < 0.0001, Kruskal-Wallis with Dunn’s post hoc testing, compared to all of the groups within the graph.

(F) Number of mutations per GC per isotype. The linked points represent the mutation rates in IgM+ and IgG+ clones in one GC. Error bars represent SDs.

(G and H) Distribution of SHM at the nucleotide level for IgM (G) and IgG (H). Sequences were obtained from 3 mice per group for chimeras and 1 naive paGFP

mouse as aWT sequencing control. Number of sequences analyzed per group: n = 86 for IgM FoB sequences, n = 64 for IgM B6 recipient sequences, n = 127 for

IgG B6 recipient sequences, n = 39 for IgM FcgRIIB�/� recipient sequences, and n = 141 for IgG FcgRIIB�/� recipient sequences.
decreased to �12% and 18% for B6 and FcgRIIB-deficient re-

cipients, respectively, although the variability within the groups

was high (Table S1). This pulse-chase experiment reveals that

in the absence of FcgRIIB on FDCs, low SHM IgM+ clones

reenter and/or persist in spontaneous GCs with timescales

similar to the increased GC diversity observed in FcgRIIB-defi-

cient recipients (Figure 2). In addition, since we observed com-

parable total GC B cell frequencies as well as comparable
YFP+ GC B cell frequencies between B6 and FcgRIIB�/� recipi-

ents, there is no difference in the GC entry of naive clones be-

tween these groups.

DISCUSSION

FDCs upregulate FcgRIIB during GC responses, yet the role of

this inhibitory IgG receptor on FDCs is poorly understood. Using
Cell Reports 29, 2745–2755, November 26, 2019 2751
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Figure 6. Low SHM IgM+ GC B Cell Clones

Persist in the Absence of FcgRIIB on FDCs

(A) Experimental setup to label and follow

564Igi-induced, autoreactive GC B cells. B6 or

FcgRIIB�/� mice were lethally irradiated and subse-

quently received a 1:2 mixture of 564Igi and

AicdaCreERT2EYFP BM or a 1:2 mixture of B6 and

AicdaCreERT2EYFP BM. After 9 weeks, mice were

tamoxifen induced (tamox) and splenic EYFP+ GC B

cells were sorted at days 7 or 14 post-tamoxifen.

(B) Gating strategy used to sort EYFP+GCBcells. Cells

were gated on forward versus side scatter (FSC/SSC)

for lymphocytes, singlets, and live-dead stain negative

cells before the indicated gates.

(C) Frequency of EYFP+ GC B cells relative to

measured B220+ B cell population in indicated chi-

meras and naive AicdaCreERT2-EYFP mice (naiv) and

564Igi mice at the 1 week post-tamoxifen time point.

Recip, recipient; KO, FcgRIIB�/�. All of the chimeras

received 2 parts AicdaCreERT2-EYFP (not shown) and 1

part 564Igi (+564) or 1 part B6 (+B6). Pooled data

from 3 independent experiments. n = 6 mice for

564Igi+AicdaCreERT2EYFP chimeras, 4 mice for B6+

AicdaCreERT2EYFP recipients, naive AicdaCreERT2EYFP,

and 564Igi mice. Error bars represent SDs.

(D and E) The number of nucleotide mutations (D) or

amino acid mutations (E) in the VDJ region from EYFP+

GC B cell heavy chains obtained from 564Igi+

AicdaCreERT2EYFP mixed BM chimeras 1 week

post-tamoxifen. Sequences from threemice per group.

(F and G) Nucleotide mutations (F) or amino acid mutations (G) 2 weeks post-tamoxifen treatment. Sequences from two mice per group. Kruskal-Wallis with

Dunn’s post hoc testing. The number of sequences analyzed for this figure is listed in Table S1.
the AicdaCreERT2Confetti reporter system, we found that FDCs

modulate GCB cell selection through this receptor. This appears

to be specific to certain responses, as we observed this phe-

nomenon in splenic 564Igi and SRBC-induced GCs. Despite

the effects of FDC-expressed FcgRIIB on clonal selection, GCs

appear remarkably similar in terms of overall GC B cell fre-

quencies and differentiation toward memory B cells and plasma

cells. Upon the sequencing of B cells in spontaneous GCs, we

found low SHM IgM+ clones in FcgRIIB-deficient chimeras.

BCR sequencing from GC B cells sorted from the recipients of

mixed 564Igi and AicdaCreERT2-EYFP BM suggests that these

low SHM clones can persist up to at least 2 weeks, a time frame

in which B6 recipients showed efficient GC-driven affinity

maturation.

The increased diversity observed in the FcgRIIB-deficient

recipients of AicdaCreERT2Confetti BM was not mirrored by a

more diverse VH usage (Figures 5C and S4). Given the chronic

nature of the 564Igi-induced GC, it is likely that extensive clonal

selection occurred before tamoxifen induction. As a result, the

observed diversity in FcgRIIB-deficient chimeras may reflect

not only altered competition between but also within subclones.

To address this at the sequence level would require a highly effi-

cient sampling of B cells from single GCs, something that is tech-

nically challenging.

In the absence of FcgRIIB on FDCs, low SHM frequency

clones were mainly observed within IgM+ GC B cells. Class

switching by GC B cells is thought to be dependent on CD40-

mediated stimulation from Tfh (Kawabe et al., 1994). It is possible

that these IgM+ clones did not receive proper T cell help, yet
2752 Cell Reports 29, 2745–2755, November 26, 2019
despite this, they persisted in the GCs of FcgRIIB-deficient

recipient mice. A decrease in the frequencies of IgM+ in the

YFP+ cells over time suggests that eventually some of these

clones exit this population through differentiation, class switch-

ing to IgG, cell death, or a combination of these. Chronic GCs

can in principle be replenished by naive clones. These new ar-

rivals would not contribute to the diversity observed in the

confetti system because these cells would not have expressed

CreERT2 recombinase at the time of tamoxifen treatment. Since

we did not observe decreased YFP+ GCB cells in the FcgRIIB-

deficient recipients of AicdaCreERTEYFP BM (Figure 6C), we do

not expect an increased entry of naive B cells in the absence

of FcgRIIB on FDCs. However, we cannot exclude an increased

exchange of antigen-experienced B cells betweenGCs, perhaps

through a memory B cell intermediate, in FcgRIIB-deficient re-

cipients. This ‘‘GC hopping’’ (denoted by Mesin et al., 2016)

may be a feature of chronic or long-lived GCs such as the

SRBC- or 564Igi-induced GCs we have described in this study.

While we were not able to fully elucidate the nature of the

increased diversity at the sequence level, it is likely that persis-

tence or continued reentry of low SHM clones could at least

contribute to this phenomenon, as we found that these cells

persist at similar timescales as the readout for the confetti sys-

tem (Figures 6F and 6G).

While the absence of FcgRIIB on FDCs resulted in an overall

increased diversity in GCs, we did observe GCs in these mice

that reached near or complete color homogeneity. This could

either reflect under-sampling of diversity due to limited color

space of the confetti system or represent the presence of actual



pauci-clonal GCs. The coexistence of both diverse and homoge-

neous GCs appears not to be limited to spontaneous GCs, as we

observed similar heterogeneity within responses against

SRBCs. This phenomenon has been described before and it

has been suggested that switching between birth-limited and

death-limited selection during GC responses may in part explain

these differences (Amitai et al., 2017; Tas et al., 2016). It should

be noted that while some of the observed differences in the

confetti system in FcgRIIB-deficient mice reported here seem

minor, in addition to the apparently inherent noise in GC clonality,

the dynamic range is limited due to the preferential usage of YFP

cassettes (Tas et al., 2016).

There has been discussion on the relation between the level of

antigen presented by FDCs and the selection stringency of GC

B cells. The idea that limited antigen availability leads to

increased selection stringency has been contested (Victora

et al., 2010). In our experiments, we noted a significant decrease

in IC binding by FcgRIIB-deficient FDCs when using murine IgG

to generate ICs. Despite this lowered potential of antigen pre-

sentation, GCs appeared more diverse, suggesting lower selec-

tion thresholds rather than more stringent selection. This implies

that other mechanisms rather than antigen availability are driving

the observed phenotype in GC diversity. Interpretation of the

consequence of lowered antigen presentation on GC selection

is further complicated by the autoreactive model: unlike immuni-

zation approaches with foreign antigens, there is a practically

endless supply of autoantigen in the autoreactive 564Igi mixed

BM model. Thus, other mechanisms such as antigen turnover

or perhaps a direct negative regulatory effect of FcgRIIB on

FDCs should be considered in future studies.

Although further study is needed to fully clarify the molecular

mechanism involved in FDC-mediated clonal selection, RNA

sensing through TLR7 or other mechanisms may be involved

either directly or indirectly. Autoreactive B cell responses are

known to be dependent on TLR signaling, and we and others

have previously confirmed this in the 564Igi mixed BM model

(Berland et al., 2006; Degn et al., 2017; Lau et al., 2005; Leadbet-

ter et al., 2002). In addition, we recently described that FDCs can

sense RNA during autoreactive responses and produce type I

interferon (IFN) in response (Das et al., 2017). Further study is

needed to elucidate the molecular pathways that dictate the

regulation of GC diversity.

It is not known whether the observed GC phenotype is depen-

dent on inhibitory signaling by the Fc receptor. Therefore, it is

difficult to predict whether lowered FcgRIIB inhibitory function

due to I232T mutations would result in increased GC diversity.

The absence of FcgRIIB on FDCs does not perturb clonal selec-

tion altogether. Even if the observed phenotype was dependent

on inhibitory signaling, chronic GC could still produce high SHM

and high-affinity antibodies.We did not observe large shifts in VH

usage in the 564Igi-induced GC B cells supported by FcgRIIB-

deficient FDCs. Nevertheless, the persistence of low SHM

clones could in theory alter the autoreactive antibody landscape

and broaden epitope spreading.

Previous studies investigating the role of FcgRIIB on FDCs re-

ported perturbed recall responses andmodest changes in global

serum IgG affinities upon the transfer of splenocytes to FcgRIIB-

deficient mice (Barrington et al., 2002; Qin et al., 2000). These
studies relied mainly on adoptive transfers of splenocytes to

sublethally irradiated mice rather than the full BM chimeras we

describe here. Thus, the interpretation of previous studies is

complicated by the presence of FcgRIIB-deficient B cells

and antigen-presenting cells. In particular, the presence of

FcgRIIB-deficient competitor B cells, which would not receive

normal inhibitory signaling, confound the readout. This, in addi-

tion to the differing immunization approaches, may in part

explain why we did not find evidence for changes in memory B

cell output or maintenance in the absence of FcgRIIB on FDCs.

FcgRIIB is upregulated concomitantly with the formation of the

GC and the emergence of antigen-specific IgG. FcgRIIB on

FDCs could function as a way to increase selection stringency

after the initial seeding of the GC. The absence of the receptor

during the onset of the response may help in the GC growth

phase, allowing a broader pool of clones to seed the GC. As an-

tigen-specific IgG titers increase during the ensuing response

and FcgRIIB surface expression on FDCs is upregulated, clonal

selection becomes stricter, preventing the escape of lower-affin-

ity clones back to the dark zone of the GC.

Our data demonstrate that FDCs can modulate GC diversity

and somatic hypermutation. This finding may furnish a deeper

understanding of clonal selection during GC responses, both in

foreign and autoimmune settings. Future investigations should

further clarify the underlying mechanism and may indicate

whether the modulation of GC B cell selection by FDCs extends

to other molecular pathways.
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EXPERIMENTAL MODEL AND SUBJECT DETAILS
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2011). FcgRIIB�/� mice were obtained due to germline Cre ‘‘leakiness’’ after crossing with CD21Cre mice (Schmidt-Supprian and

Rajewsky, 2007). FcgRIIBfl/- mice were bred with C57BL/6J to remove the CD21Cre locus before cross breeding. C57BL/6J

mice, B6.SJL-Ptprca Pepcb/BoyJ (CD45.1) mice and Photo-activatable paGFP mice (Victora et al., 2010) were from Jackson

Laboratories and maintained in house. The AicdaCreERT2 flox-stop-flox- EYFP (AicdaCreERT2 EYFP) mouse line was provided by

Claude-Agne‘s Reynaud and Jean-Claude Weill (Institut Necker)(Dogan et al., 2009). AicdaCreERT2 EYFP mice were maintained as

homozygous mice and F1 from crosses with C57BL/6 or CD45.1 mice were used for experiments. 564Igi mice (Berland et al.,

2006) were provided by Theresa Imanishi-Kari (Tufts University) andmaintained in-house. AicdaCreERT2-Confetti (Tas et al., 2016) do-

nors were from Gabriel D. Victora (Rockefeller University). Mice were bred and maintained in an AAALAC accredited facility at Har-

vardMedical School under specific pathogen-free (SPF) conditions. Both female andmalemicewere used in the study.Micewere on

a standard 12hr light/dark cycle and were kept on a low-fat diet. Mice were 6-10 weeks old at the start of experiments. Mice were age

matchedwhen comparing different strains (max 1week between experimental and control groups). The local IACUCof HarvardMed-

ical School approved all procedures as described in protocol number IS00000111.

METHOD DETAILS

Bone Marrow Chimeras
Bone marrow chimeras were generated by lethal irradiation of 6-10 week recipients (1030 rads). Mice were kept on antibiotics (sul-

famethoxazole/trimethoprim) through drinking water for 10 days after irradiation. Femurs, tibia and humerus from donor mice were

cleaned frommuscle tissue and subsequently rinsed with BM buffer (HBSS with 10mMHEPES, 1mM EDTA and 2% heat inactivated

FBS). All bones were crushed using mortar and pestle and the cells were passed through a 70 mM sterile filter. Erythrocytes were

lysed in a small sample to allow accurate counting using a hemacytometer. Where applicable, BM were mixed prior to spinning

down and resuspension. Unless stated differently, all 564Igi mixed BM chimeras were generated with a 1:2 ratio of 564Igi and

WT/reporter BM respectively. BM recipients received 15-20E6 cells i.v. in 100 mL BM buffer through retro-orbital injection approx-

imately 8 hours post irradiation.

Recombinant HA Expression and Purification
Recombinant A/Hong Kong/1/1968 X31 (H3N2) hemagglutinin (HA) construct was expressed by infection of insect cells with recom-

binant baculovirus as previously described (Bajic et al., 2019; Raymond et al., 2018; Schmidt et al., 2013). In brief, synthetic DNA

corresponding to the full-length ectodomain HAwas subcloned into a pFastBac vectormodified to encode anN-terminal gp67 secre-

tion signal, and C-terminal thrombin cleavage site, a T4 fibritin (foldon) trimerization tag, and a 6xHis tag. Supernatant from recom-

binant baculovirus infected High Five (Trichoplusia ni) cells was harvested 72 h post infection and clarified by centrifugation. Protein

was purified by affinity chromatography on cobalt-nitrilotriacetic acid (Co2+-NTA) agarose resin (Clontech), followed by a wash in

buffer A (20 mM HEPES pH 7.5, 150 mM NaCl), a second wash with buffer A supplemented with 5mM imidazole, elution in buffer

A plus 500mM imidazole and gel filtration chromatography on a Superdex 200 column (GE Healthcare) in 10 mM Tris pH 7.5,

150 mM NaCl. The eluted sample was incubated overnight with thrombin protease resin (Sigma) at a 100 mL of slurry per 1 mg of

protein to remove the foldon and 6xHis purification tag. HA was further purified by orthogonal Co2+-NTA agarose chromatography,

followed by gel filtration chromatography in PBS pH 7.4 and the elution fractions were concentrated to > 2 mg/ml and stored at 4�C.
HA was not activated and the resulting protein was uncleaved HA0.
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Immunizations
For studies with HA, mice were immunized i.p. with 50 mg HA or 100mg NP-CGG in alum (Imject, Thermo Fisher Sci). Antigen in PBS

was added 1:1 (V/V) to alum and shaken vigorously for 30 min prior to injection.

For SRBC immunizations, 10-15 mL of Sheep blood in Alsevers (Colorado Serum Company) was washed two times in HBSS prior

to counting SRBC using a Neubauer hemacytometer. Mice received a single injection of 1E9 SRBC in HBSS i.p followed by a boost of

1E7 SRBC 25 days later.

PE:IC Studies
To generate anti-PE sera, three C57/Bl6 mice were immunized SQ with 50mg B-PE (Anaspec) in CFA (Sigma-Aldrich). 3 weeks later,

mice were boosted with 50mg B-PE in PBS. 6 days later, serum from these mice was pooled and injected IP into WT and FcgRIIB

deficient recipients of 564Igi: AidCreERT2EYFP CD45.1/2 BM (10 weeks post BM transfer). The next day, these passively immunized

mice received 5mg of B-PE in PBS IV. After 48 hours, spleens were freshly frozen in OCT. 12mm Sections were fixed with 4% PFA for

15min, permeabilized with 0.1% Triton, 1% BSA in PBS and subsequently stained O/N with ki67 (8c12)-biotin (BD sciences) and

Ki67-Fitc (Biolegend) in PBS containing 1% BSA. After washing, sections were incubated for an hour with streptavidin pacific

blue for 30min. Sections were washed again and coverslips weremounted with fluorogel (EM sciences). At least 2 individual sections

were imaged permouse by confocal microscopy (Olympus) each at least 100 mmapart. On average 7 FDC networks were imaged per

mouse per section. Cell profiler was used to quantify PE MFI within the CD35 staining defined mask. Only FDC networks which had

GC (Ki67 positive groups) associated were included in the analysis.

Photoactivation for Single GC Sorting
B cells from single splenic GCswere sorted as reported previously (Degn et al., 2017). In brief, mice received PE:IC i.v. the day before

sorting to label FDC networks. The next day, 30min prior to euthanasia, mice received 800pg CD169-PE IV (Biolegend) to label mar-

ginal zonemacrophages. Approximately 2mm thick splenic sections were cut using surgical scissors and placed in PBS in chambers

madewith vacuumgrease on a slide. A coverslip was placed over the chambers and the slidewas kept on ice prior to photo activation

by multiphoton microscopy using an Olympus FV1200 MPE multiphoton system microscope fitted with a 20X 0.95NA Plan water-

immersion objective, aMaiTai HP DeepSee Ti-Sapphire laser (Spectraphysics), and 4 non-descanned detectors (2 GaAsP and 2 reg-

ular PMTs). Single follicles were identified by the presence of FDC networks surrounded by a ring of CD169 positive macrophages

indicating the marginal zone. A single follicle per slice was photo-activated if large auto-fluorescent tingible body macrophages were

present, indicating a local GC. After photoactivation of 5-6 slices for each mouse, a single cell suspension was prepared by mashing

through a 70 mm filter. Erythrocytes were shocked using RBC lysis buffer (155 mMNH4Cl, 12 mMNaHCO3, 0.1 mM EDTA), and cells

were washed in FACS buffer (2% FCS, 1mM EDTA in PBS). Cells were stained with GCmarkers in addition to CD3ε-bio and IgD-bio.

GC B cells were subsequently enriched using streptavidin magnetic beads (Promega) and an easysepmagnet (Stemcell) before sort-

ing as described in the single cell sorting paragraph.

Single Cell Sorting
Regular or photoactivated GCBcells (B220+, Gl7hi, CD38lo and paGFP+) were sorted to semiskirted 96well plates using a single cell

sorting mask on a 5-laser FACSARIA II Special Order System (355, 405, 488, 640, 594 nm laser lines; FCS-PMT module and

enhanced optics and digital focusing), using a single-cell sort mask. Each well contained 5 mL TCL buffer (QIAGEN) supplemented

with 1% Beta-mercaptoethanol (Sigma). At least 4 wells dispersed over the plate were kept empty to serve as negative controls for

subsequent PCRs. After sorting, plates were immediately sealed, spun down briefly and stored at �80�C.

Single Cell BCR Sequence PCR and Analysis
Amplification and sequencing of single cell BCR was performed as described previously (Degn et al., 2017). In brief, 96 well plates

with single cell sorted B cells were thawed on ice and spun down briefly. RNA was isolated using 11 mL of SPRI beads (Agencourt

RNAclean XP) and a homemade 96 well plate magnet. After 3 washes with 80% EtOH, beads were air-dried and RNA was eluted in a

mix of anchored oligo-dT, dNTP and RNaseout. Maxima H- Reverse transcriptase (Thermo Fisher), Betaine and MgCl2 was added

and reverse transcriptionwas performed for 1hr at 50�C. BCRswere amplified from cDNA using a semi nested approachwith specific

primers for IgM, IgG and Kappa light chain (Busse et al., 2014; Tiller et al., 2009). Sanger sequencing was performed on precipitated

PCR products from the second amplification round by the DF/HCC DNA resource core.

Sequences were manually curated based on chromatograms to screen out double or ambiguous reads. Alternatively, a custom

script in Python was used to screen for sequences with > 200 consecutive nucleotides with a PHRED score R 20. Sequences

were then run through a custom Python script that used FASTX to generate reverse complement sequences and clip of the 30

end of the msVHE primer. Sequences were then passed to Igblastn using the NCBI VDJ dataset as reference. Igblast’s output

including V(D)J usage and mutation frequency (FR1-CDR3) was parsed automatically to a tabular form allowing analysis by excel.

In addition, the python script used the biopython library for translation of the query and reference sequence to calculate mutation

rates at the peptide level.
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Confetti Imaging and Analysis
For induction of the Aicda driven CreERT2 recombinase, mice received a single gavage of 500 ml tamoxifen (Sigma) in sunflower oil at

30mg/ml. At various endpoints, splenic sections were made using surgical scissors and placed in PBS in vacuum grease chambers

on a slide. A coverslip was placed over the chambers and the sections were imaged using the multiphoton microscope described in

the photo-activation paragraph. Z stacks were acquired at 3 mm interval with a laser wavelength of 940nm. Only complete GC (no or

few cells at the section surface) were imaged and depth permitting, the entire volume of the GC was acquired. Typically, 12-15 GC

were acquired per spleen. GC with low density of confetti positive cells (high amount of dark clones) were not acquired or omitted

from analysis. Scoring of confetti positive cells was done blinded by renaming files to a random, 10 digit alphanumerical filename

using a bash script and random strings generated by https://www.random.org. Images were analyzed using Fiji (ImageJ) and the

cell counter plugin. Calculation of divergence index was performed as described by Tas et al. (2016) with 3 days post tamoxifen

data used as baseline color distribution.

Flow Cytometry
For analysis by flow-cytometry, roughly one quarter of the spleen or lymph nodes were mashed in FACS buffer and filtered through a

70 mm filter. After shocking of erythrocytes (spleens only), cells were stained in FACS buffer for at least 30 min on ice. All stainings

included a live/dead control in the APC/Cy7 channel. Anti-idiotype (clone 9D11) was purified in house and labeled with AF647 for facs

stainings (Chatterjee et al., 2013). After washing, cells were analyzed on a FACS ARIAII (see single cell sorting) or a FACS Canto II

equipped with 405, 488 and 640nm lasers.

Immunofluorescence and Confocal Microscopy
Spleens were fresh frozen in OCT (Fisher Healthcare) and stored at �80�C. Lymph nodes were fixed for 2 hours in 4% PFA on ice

followed by 2 hr incubation in 30% sucrose on ice. LN were embedded in OCT and oriented using a stereo microscope prior to stor-

age at �80�C. For all tissue 10-15 mm sections were cut and for spleen either fixed with ice cold acetone or 4% PFA on slide for

20 min. Sections were stained in blocked and stained in block buffer (0.1% TX100, 2% BSA in PBS). Typically, primary antibodies

were allowed to stain overnight at 4�C. The next day, streptavidin conjugates or secondary antibodies were incubated for 2 hr at

RT in blockbuffer after washing the slides in blockbuffer. Slides were washed 3 times in blockbuffer and coverslips were mounted

with fluorogel (Electron microscopy services). Slides were allowed to dry and imaged the same day or the following day using an

Olympus F1000 confocal system with an Olympus IX81 inverted microscope and 405, 457, 488, 515, 559, 635nm laser lines. Cell-

profiler (Lamprecht et al., 2007) and Fiji (Schindelin et al., 2012) were used to analyze and view images post acquisition.

QUANTIFICATION AND STATISTICAL ANALYSIS

Quantification of confocal images was performed using CellProfiler. Quantification of confetti GC was done after assigning the file

names a randomized letter-digit combination as described in the ‘‘Confetti Imaging and Analysis’’ section. All Statistical analysis

were performed in Prism Graphpad. Figure legends indicate the test used for each dataset. A p value % 0.05 was scored as statis-

tically significant. For graphs showing GC diversity based on the confetti system, each point denotes one GC, lines indicate the me-

dian of the GC diversity per group. N indicates the number of mice used to obtain the GC data. In graphs describing sequencing data

(somatic hypermutation), each point represents a curated sequence. Lines indicate the median of the group.

DATA AND CODE AVAILABILITY

Source IgH VDJ sequence data for Figures 5 and 6 in the paper is available in supplemental Tables S2 and S3, respectively. Scripts

generated during this study to aid with IgBlast analysis of sequences are available at Github, https://doi.org/10.5281/zenodo.

3483838
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Supplementary figure 1

Supplemental Figure 1. FcγRIIB is upregulated on FDC during germinal center formation and contributes to immune complex 
binding. Related to Figure 1
 (A) Spleen cryosections from B6 or FcγRIIB-/- recipients of 564Igi+CD45.1 mixed BM stained with CD35 (red), FcγRIIB (green), 
Gl7 (blue). Scale bar, 100 μm. (B) Quantification of splenic cryosections from 4 per group mice stained as in panel I. B6 and Fcγ
RIIB-/- columns represent FcγRIIB staining on FDC networks with a GC present, B6 (resting) shows FcγRIIB staining on FDC 
networks from B6 recipient BM chimeras that did not support a GC as indicated by an absence of associated Gl7 staining. 
****p<0.0001, Kruskal-Wallis test with Dunn’s post hoc. (C) ICAM and VCAM expression on splenic FDC networks in B6 and Fcγ
RIIB-/- recipients of 564Igi+CD45.1 mixed BM (part of cohort presented in main figure 1). Cryosections from spleens from BM 
chimeras were stained for FDC (CD35), GL7, ICAM and VCAM. Scale bar, 100 μm.(D) ICAM and VCAM expression was 
measured on splenic FDC networks defined by CD35 staining using Cell profiler. B6, n=4, FcγRIIB-/-, n=5. Each point represents 
one FDC network associated with a GC (defined by GL7).
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Supplemental Figure 2. Decreased PE:IC binding on FDC in FcRIIB deficient mice. Related to figure 2.
(A) Experimental setup for measuring immune complex binding by splenic FDC in the presence or absence of FcγRIIB. (B) Repre-
sentative confocal micrographs of spleen cryosections from C57Bl/6 (B6) or FcγRIIB deficient mice (FcγRIIB-/-). The FDC mask as 
detected by cellprofiler based on CD35 staining is shown in blue. Left panels show the mask and CD35 staining, right panels show 
the PE signal in grayscale. Scale bar, 100 μm. (C) Immune complex levels on FDC as measured by the MFI of PE signal on each 
FDC network. FDC masks were based on the masks shown in panel B, each data point represents one FDC network. n=2 mice for B6 
and n=3 mice for FcγRIIB-/-, ** p<0.01, Kruskal-Wallis with Dunns post hoc.
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Supplementary figure 3. GC diversity in HA/Alum immunized BM chimeras. Related to figure 3
 (A) Experimental setup to measure the role of FcγRIIB on FDC during B cell selection in germinal centers directed against 
HA.  (B) Representative, cropped images of HA/Alum induced splenic GC at indicated time points. Scale bars, 100μm. 
(C-E) Quantification of GC from HA/Alum immunized AicdaCreERT2confetti BM chimeras. Each circle/square represents 
one germinal center. (E) Divergence index was based on color distributions observed at day 3 post tamoxifen in B6 recipi-
ents. n=2 mice/group for day 3, n=3/group for day 14 and 31 time points. Statistical test: Kruskal-Wallis with Dunns post 
hoc. Stars above the graphs indicate significance relative to day 3 post tamoxifen within genotypes, stars below indicate 
significance between genotypes within timepoints. Tests comparing between timepoints between genotypes were included in 
multiple comparisons but are not indicated.
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Supplementary Figure 4. VH usage in individual GC from 564Igi mixed BM chimeras. Related to Figure 5.
VH usage for individual GC per recipient genotype. Shown are germinal centers that had 10 or more sequences. VH 
regions previously found associated with autoreactive responses are indicated. The number inside each chart 
represents the total of sequences recovered. The  number code outside each chart indicates mouse number- GC 
number.
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Supplementary Figure 5. Total GC frequencies and memory and plasma cell frequencies from 564Igi and Aicda-
CreERT2EYFP mixed BM chimeras. Related to Figure 6.
(A) Frequency of total GL7hiCD38lo GC B cells relative to measured B220+ B cell population in indicated chimeras 
and naïve AicdaCreERT2EYFP mice (naiv) and 564Igi mice, 1 week post tamoxifen timepoint. Error bars represent 
standard deviation. Recip: recipient, KO:FcγRIIB-/-. All chimeras received 2 parts AicdaCreERT2EYFP (not shown) and 
1 part 564Igi (+564) or 1 part B6 (+B6) BM. Same mice as shown in figure 3C. *p<0.05, **p<0.01, one-way ANOVA 
with Tukey’s post hoc. (B) Frequencies of YFP+ memory B cells (GL7lo, CD38hi) relative to B220 gate, same mice as 
in panel A, 1 week post tamoxifen. Error bars represent standard deviation. (C-F) Frequencies of all GC B cells (C), 
YFP+ GC B cells (D), YFP+ memory cells (E) and YFP+ plasma cells (CD138+, panel F, relative to total B220+ cells 
acquired), 2 weeks post tamoxifen. n=3 mice per group for chimeras, n=1 for 564Igi. Error bars represent standard 
deviation.
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Supplemental table 1

Genotype IgG IgM Total %IgM
B6
M1 25 10 35 28.6
M2 28 9 37 24.3
M3 37 18 55 32.7

Mean 28.5+/-4.1

FcγRIIB-/-
M4 44 18 62 29.0
M5 11 15 26 57.7
M6 25 9 34 26.5

Mean 37.7+/-17.3

Genotype IgG IgM Total %IgM

B6

M7 44 8 52 15.4

M8 41 4 45 8.9

Mean 12.1+/-4.6

FcγRIIB-/-

M9 43 9 52 17.3

M10 36 8 44 18.2

Mean 17.7+/-0.6

Isotypes YFP+ GCB cells, 1 week post tamoxifen

Isotypes YFP+ GCB cells, 2 weeks post tamoxifen

Supplementary table 1, Number of IgG and IgM recovered sequences. Related to figure 6. Shown are the numbers of IgM 
and IgG derived sequences (used also in figure 6) after 1 and 2 weeks post tamoxifen treatment. Also indicated is the 
frequency of IgM for each BM chimera recipient. 
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