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SUMMARY:

A hallmark of autoimmunity in murine models of lupus is the formation of germinal centers (GC)
in lymphoid tissues where self-reactive B cells expand and differentiate. In the host response to
foreign antigens, follicular dendritic cells (FDCs) are essential for the maintenance of GCs
through their uptake and cycling of complement-opsonized immune complexes. Yet, whether
FDCs retain self-antigens and are required for self-reactive GC maintenance and autoantibody
secretion is not well understood. Here, we determined if FDCs were required for the survival of
mature self-reactive B cells and their differentiation in the GC using lupus-prone mice. We found
that FDCs took up and retained self-immune complexes composed of ribonucleotide proteins
(RNP), autoantibody, and complement (referred to as RNP-IC). This uptake, which was mediated
through CD21, triggered endosomal TLR7, leading to the secretion of IFNa via an IRF5-
dependent pathway. Blocking of FDC secretion of IFNa in lupus mice restored B cell tolerance,
with a significant reduction in the amount of GCs and pathogenic autoantibody. Thus, FDCs are a
critical functional source of the IFNa driving autoimmunity in this lupus model. This pathway is
conserved in humans, suggesting that it may be a viable therapeutic target in human lupus.
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INTRODUCTION:

Systemic lupus erythematosus (SLE) is a multigenic, incurable autoimmune disease of

Page 2

unknown etiology (Cotran et al., 1994; Hahn, 1998). It is characterized by the loss of B-cell
tolerance and the secretion of isotype-switched antibodies against self- or neo-antigen from
the nuclei of cells from diverse organs such as the kidney, skin, lungs, and joints. In mice,
SLE is dependent on B cells (Shlomchik et al., 1994), and a major event leading to disease is
when the self-reactive B cells differentiate within the germinal center (GC) into memory
cells and 1gG-secreting plasma cells (Banchereau et al., 2016; Casellas et al., 2001; Li et al.,
2001; Melamed et al., 1998; Rifkin et al., 2005).

GCs are where activated B cells undergo cellular division, class-switch recombination, and

somatic hypermutation. GCs form in the B-cell follicles of secondary lymphoid tissues

during infection and immunization with foreign antigen (Allen et al., 2007a; Allen et al.,
2007b; Hauser et al., 2007; Schwickert et al., 2007), but they are also common in murine
models of lupus (Chatterjee et al., 2013; Cohen et al., 2002; Hanayama et al., 2004; Nanda
etal., 2011). Although their specificity is less well defined, GC occur frequently in patients
with chronic infection and autoimmune diseases such as arthritis, Sjogren’s syndrome, and
SLE where their presence correlates with the production of pathogenic isotype-switched
autoantibodies (Humby et al., 2009; Pitzalis et al., 2014; Salomonsson et al., 2003; Stott et

al., 1998; Vinuesa et al., 2009).
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Follicular dendritic cells (FDCs) are essential for the maintenance of GCs, as they retain
antigen for extended periods and secrete cytokines, such as interleukin (IL)-6 and B-cell
activating factor (BAFF), that promote B cell differentiation and survival (Garin et al., 2010;
Wang et al., 2011). Ablating FDCs results in a rapid loss of GCs and changes follicular
architecture(Cremasco et al., 2014; Wang et al., 2011). Recent studies have found that
immune complexes (1Cs) coated with complement C3 (C3) bind to CD21 receptors on FDC
and are internalized into a cycling endosomal compartment (Heesters et al., 2013). This
periodic cycling of foreign antigen complexes to the cell surface could explain how antigen
is retained for long periods yet is accessible on the cell surface for acquisition by cognate B
cells (Barrington et al., 2002; Gray, 2002; Steiner and Eisen, 1967). It is unknown whether
this process impacts responses to self-antigen in autoimmune settings.

A current model of autoimmunity asserts that chromatin and nucleolar material have
“danger-associated molecular patterns” (DAMPS) that bind toll-like receptors (TLR), much
like pathogen antigens (Green et al., 2012; Leadbetter et al., 2002). DAMPs released by
dying or apoptotic cells may act on multiple cell types including dendritic cells and B cells.
It has been proposed that inappropriate uptake of apoptotic material by dendritic cells
induces type | interferon (IFN) release, which could drive further inflammation, activation of
hematopoietic cells, and differentiation of self-reactive B cells (Krieg, 2007). Furthermore,
self-reactive B cells could be rescued from anergy by the activation of TLR7 following the
B-cell receptor (BCR) internalization of nuclear material (Lau et al., 2005; Leadbetter et al.,
2002). In the autoimmune mouse strain 564 Igi, in which the B cells express a BCR specific
for nuclear antigen, isotype-switched 1gG autoantibody titers are dependent on TLR7 and
TLR8 signaling, though the signaling cell type is unknown (Berland et al., 2006; Umiker et
al., 2014).

Type | interferon acts synergistically with DAMPs to increase the sensitivity of TLR7
signaling in B cells, leading to their escape of anergy and the secretion of antibody (Green et
al., 2012). Exogenous administration of IFNa to lupus-prone mice can accelerate
development of autoantibody production (Liu et al., 2011), and in the pristane model of
lupus, IFNa promotes the differentiation of self-reactive B cells (Lee et al., 2008; Thibault
et al., 2009). Inducing anti-IFNa antibodies in NZB/NZW F1 mice partly rescues the
autoimmune phenotype (Zagury et al., 2009), and in the autoimmune BXSB strain, which
bears a duplicated 7/r7locus, anti-type-I-interferon-receptor (anti-IFNAR) antibody reduces
autoantibody levels (Baccala et al., 2012). One proposed source of IFNa are plasmacytoid
dendritic cells (pDCs) that have become activated by apoptotic debris (Krieg, 2007;
Rowland et al., 2014; Sisirak et al., 2014), but other sources, such as lymphoid stromal cells,
have not been investigated.

Here, we determined if FDCs were required for the survival of mature self-reactive B cells
and their differentiation in the GC using the lupus-prone strain 564 Igi (Berland et al., 2006;
Chatterjee et al., 2013). We found that FDCs took up and retained self-immune complexes
composed of ribonucleotide proteins (RNP), autoantibody, and complement (referred to as
RNP-IC). This uptake was mediated through CD21- triggered endosomal TLR7, leading to
the secretion of IFNa via an IRF5-dependent pathway. Blocking of FDC secretion of IFNa
in 564 1gi mice restored B cell tolerance, with a significant reduction in the amount of GCs
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and pathogenic autoantibody. Thus, FDCs are a critical functional source of the IFNa
driving autoimmunity in this lupus model. This pathway is conserved in humans, suggesting
that it may be a viable therapeutic target in human lupus.

RESULTS

B cell tolerance escape is dependent on IFNAR in lupus mice

Elevated levels of type | IFNs are common among a significant subpopulation of lupus
patients, a characteristic called the “interferon signature” (Banchereau et al., 2016; Crow,
2009; Obermoser and Pascual, 2010). Elevated levels of IFNa are also present in murine
models of lupus, such as BXSB (Baccala et al., 2012), NZB/NZW F1, and 564 Igi mice
(Han et al., 2014; Umiker et al., 2014). 564 Igi mice have increased IFNa expression by
neutrophils and macrophages in their bone marrow (BM), blood, and spleen, suggesting its
importance in activating B cells, neutrophils, and monocytes (Han et al., 2014). However,
the mechanism of this overexpression is unknown.

To identify the source of IFNa expression in lupus-prone mice, we first confirmed that /fna
is overexpressed in the spleens of NZB/NZW F1 mice (8-12 weeks) and 564 Igi mice bred
onto the C57BL6 (B6) background using real-time quantitative PCR (RT-PCR). We found
negligible expression of /fnain WT mice, but 3- to 4-fold overexpression in the autoimmune
strains (Figure 1A). Moreover, MxZ1, a known IFNa response gene, was upregulated 5- to
10-fold compared to WT. We next used flow cytometry to analyze a single-cell suspension
of spleen cells permeabilized and stained with an antibody specific for multiple isoforms of
IFNa.

Plasmacytoid dendritic cells (PDCA-1+; pDCs) expressed IFNa, as expected (Blasius et al.,
2004; Eloranta et al., 2010; Jego et al., 2003; Lee et al., 2008) (Figure S1A), with 564 Igi
mice having 80-fold more expression than the WT B6 mice, according to RT-PCR on sorted
spleens (Figure S1B). In parallel, splenic cryo-sections from the three strains were analyzed
using laser scanning confocal microscopy (LSCM), revealing that IFNa co-stained with
CD35+ FDCs (Figure 1B). Staining with control rabbit sera or the secondary antibody alone
had negligible effects, whereas absorption with recombinant IFNa blocked binding
confirming the specificity of the primary anti-IFNa pan antibody (Figure S2A).

IFNa co-staining with FDCs was unexpected, as pDCs were thought to be the major source
of type I interferon in autoimmune mice and SLE patients (Crow, 2009; Davison and
Jorgensen, 2015). To examine whether IFNa expression by FDCs is common to all GCs,
WT B6 mice were immunized with two doses (10 pg each) of NP-KLH three weeks apart to
induce GC formation, which was confirmed by LSCM on spleen sections. In contrast to 564
Igi mice, FDC secretion of IFNa in B6 mice was negligible (Figure S2B), as previously
reported (Chatterjee et al., 2013). Thus, FDCs do not secrete IFNa in GCs arising from
protein antigen in the absence of adjuvant. Yet, they do secrete IFNa in GCs arising from
bacterial, and possibly food, antigens as indicated by staining the Peyer’s patches,
mesenteric LNs, and inguinal LNs of 564 Igi and B6 mice (Figure S2C).
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To elucidate how IFNa may contribute to lupus phenotypes in mice, we needed to determine
if IFNa has a role in the escape of tolerance by self-reactive B cells at the immature stage.
We decided to focus on 564 Igi mice, because the self-reactive B cells of NZB/NZW F1
mice have not been well described. The 564 Igi mice are an immunoglobulin heavy and light
chain insertion model (Igi), in which the BCR recognizes a conserved protein-RNA complex
with ribonuclear proteins like the SSB/La complex (Chatterjee et al., 2013). The self-
reactive B cells can be identified using an anti-idiotype (Id+) antibody. The younger mice do
not show overt signs of peripheral inflammation or pathology that might confound B cell
differentiation. However, with age, they develop isotype-switched (/.e., IgG 2a and 2b)
autoantibodies that activate complement and lead to renal dysfunction (Berland et al., 2006).

Blocking IFNAR ameliorates disease in the lupus BXSB strain (Baccala et al., 2012). Thus,
we treated 564 Igi mice with a IFNAR-blocking antibody (Sheehan et al., 2006) for 4 days
or 2 weeks (Figure 1C). Using flow cytometry on the single-cell suspensions of the spleen
cells, we found that while the total number of B cells remained similar, both anti-IFNAR
treatments reduced the frequency of mature (AA4.1 low) Id+ B cells (Figure 1D and S3),
meaning IFNa impacts immature B cells. . Moreover, the 4-day treatment reduced the
frequency of I1d+ GC cells (B220+GL7+CD38neg) (Figure 1E),

To test whether the effects of blocking IFNAR manifested in BM-derived cells or stromal
cells, /fnar1~'~ or B6 mice were lethally irradiated and reconstituted with 564 Igi BM. Both
sets of chimeras developed an autoimmune phenotype, implicating the BM cells (Figure 1F).
By contrast, mixed chimeras in which B6 mice were reconstituted with a mixture of 9 parts
IfnarI™'~ BM plus 1 part 564 1gi BM had a significant reduction in mature Id+ B cells,
compared to those reconstituted with 9 parts B6 BM (Figure 1G). Consistent with a
reduction in self-reactive B cells, the total IgG anti-nucleolar titers were reduced ~7-8 fold
(Figure 1G). These results support a model in which the maintenance of circulating, mature
self-reactive B cells is dependent on IFNa and signaling through IFNAR by BM-derived
cells.

IFNa expression by pDCs does not affect B cell tolerance

pDCs respond to viral infections through TLR7 and 9, and express robust levels of type |
interferon (Colonna et al., 2004; lwasaki and Medzhitov, 2004). They can be identified by
the unique cell-surface marker Siglec-H (Blasius et al., 2004; Blasius et al., 2006), which
signals through the adaptor DAP-12 to dampen IFNa expression. A specific antibody (440c)
binding to Siglec-H shuts off type I interferon expression (Blasius et al., 2006).

To determine if pDCs are an important functional source of IFNa, we first treated 564 Igi
mice with a neutralizing dose (500 pg/day) of anti-Siglec-H (440c) for 4 days as described
(Ochando et al., 2006) (Figure 2A). At day five, treated and non-treated controls were
sacrificed and single-cell suspensions of spleen cells were prepared. Flow analysis of the
CD11c+PDCA-1+ pDCs isolated from the controls confirmed that this population was
positive for IFNa (Figures 2B) while the cells from anti-Siglec-H-treated 564 Igi mice were
negative (Figure 2B). These results were confirmed by LSCM analysis of splenic tissue
(Figure S4), and this treatment was confirmed to not affect expression of IFNa by FDCs
(Figure S4).
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Next, spleen cells from the two groups were analyzed for the frequency of Id+ cells.
Blocking IFNa expression by pDCs had a negligible effect on the frequency of Id+ B cells
in the 564 Igi mice (Figure 2C), and staining of the spleen cells (B220+GL7+CD38neg)
showed that treatment with anti-Siglec-H antibody did not affect the frequency of Id+ GC B
cells (Figure 2D). Altogether, the results demonstrate that although IFNa expression is
elevated in pDCs, they are not critical for mediating the escape of self-reactive B cells from
negative selection or for forming GCs in 564 Igi mice.

FDCs are a functional source of IFNa

Immunostaining of splenic cryosections prepared from 564 Igi and NZB/NZW F1 mice
suggests FDCs may be a functional source of IFNa (Figure 1B).To examine this source of
IFNa in more detail, we isolated FDCs from the spleens of 564 Igi and B6 controls and
sorted them using flow cytometry (Figures 3A and S1D). We extracted the RNA and
analyzed the transcriptome using a TagMan Fluidigm gene array, identifying increased
expression of at least five isoforms of /fna (Figure 3B) and a two-fold increase in IFNa—
stimulated genes such as MxI, Cxc/10, and /fit1 (Figure 3C).

To validate the gene array results and to test for functional activation of TLR7, splenic FDCs
from B6 mice were stimulated for 6 hours with a TLR7-specific agonist (gardiquimod). We
analyzed the FDC lysates using RT-PCR, identifying a significant upregulation of /fna RNA,
as compared to the no-ligand controls (Figure 3D). To determine if self-antigen can
stimulate IFNa production, we exposed B6 FDCs to complement-opsonized immune
complexes composed of RNP and antibody (RNP-IC). After overnight culture, cells were
washed and RNA extracted for RT-PCR analysis. We identified an approximate 20-fold
increase in the expression of /fnain cultures treated with RNP-IC relative to the no-IC
controls (Figure 3E). Thus, FDCs express /fna in vivo in 564lgi mice and ex vivo when
stimulated with complement-opsonized RNP complexes.

This suggests a novel pathway for “sensing” DAMPs and secreting proinflammatory
cytokines. To test if a similar pathway was conserved in human FDCs, CD35+ stromal cells
were harvested from splenic tissue, seeded on cover slips, and cultured overnight with
nucleolar IC. We extracted and analyzed the RNA, finding an approximate 20-fold increase
in /fna expression relative to the no-IC controls (Figure 3F). Thus, as observed in mice,
human FDCs can “sense” DAMPs taken up by CD21, and they respond through activation of
endosomal TLRs.

To estimate the relative amounts of /fnaand /fnb1 expressed, we harvested FDCs and pDCs
from 564 Igi spleens and analyzed the RNA using RT-PCR (Figure 3G and H), finding a
~1.5% increase in /fna expression by pDCs relative to FDCs, but similar levels of /fnb1. Ifna
expression by splenic FDCs and pDCs was enriched about 80- and 120-fold, respectively,
when compared to total spleen; while /fnb61 expression was enriched about 50-fold (Figure
S1C). Although both pDCs and FDCs expressed /fnb1 the levels were substantially less than
those of /fnabased on CT values (Figure S1C). Overall, FDCs isolated from 564 Igi mice
spontaneously expressed elevated levels of /fna relative to B6 mice and that level is
comparable to that of pDCs. Moreover, stimulation of murine and human FDCs in ex vivo
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cultures with complement-opsonized RNP-IC induces a robust /fna response, supporting the
in vivo findings.

FDCs internalize and cycle self-antigen immune complexes

FDCs take up foreign-antigen immune complexes via the CD21 receptor and retain the
intact complexes for extended periods within a cycling non-degradative compartment
(Heesters et al., 2013; Heesters et al., 2014). To test whether self-antigen IC is opsonized
with complement and internalized in a similar manner, splenic FDCs were isolated from 564
Igi mice, stained with a panel of antibodies specific for CD21, autoantibody (idiotype), and
RNP, and analyzed by LSCM (results not shown). RNP antigen and the CD21 receptor
were co-localized (results not shown), suggesting that self-antigen IC was taken-up by
CD21. To confirm this, 564 Igi FDCs were cultured overnight with fluorescently labeled
transferrin ligand (Tf) — a molecule that binds to transferrin receptor and is constitutively
internalized and cycled in a non-degradative early endosomal compartment (Boulant et al.,
2011; Heesters et al., 2013). The FDCs were then stained and analyzed by LSCM for
idiotype, LAMP1 (lysosome marker), and the nucleus. There was significant co-localization
between Id+ RNP-IC and Tf (Figure 4A) and limited co-localization between Id+ RNP-IC
and the degradative LAMP1 compartment. Thus, self-antigen ICs are bound by CD21 and
internalized for the most part into non-degradative cycling compartments, much like foreign
antigen.

Although self-antigen ICs co-localized primarily with CD21, it is possible that some were
internalized via other pathways. To test this, splenic FDCs isolated from B6 mice were
loaded with C3-opsonized RNP-IC for 60 minutes, then treated with a CD21-blocking
antibody (clone 7G6) that disrupts C3d-bound ICs or treated with an Ig isotype control
(Heyman et al., 1990). After washing, fixing, and imaging, we found a negligible amount of
self-antigen ICs in cultures treated with anti-CD21, while the isotype controls still had it
(Figure 4B). Staining with anti-IFNa and analysis with LSCM identified a punctate pattern
that correlated with CD21 expression, uptake of RNP-IC, and total level of IC present
(R2=0.76) (Figure 4B). Treatment of the loaded FDCs with anti-CD21 reduced expression of
both RNP-IC and IFNa, as expected (Figure 4B). Thus, anti-CD21 treatment of the live cell
cultures purged RNP-1Cs from the FDCs and “shut-off” expression of the IFNa protein. The
results not only confirm that self-antigen I1Cs are primarily retained by CD21 and are
periodically accessible on the FDC surface, but they suggest a novel pathway by which
DAMPs internalized via CD21 trigger endosomal TLR and induce expression of IFNa.

Activation of endosomal TLR7 leads to activation of type I interferons and the NF-kB
pathway (Barton and Medzhitov, 2003). Our results suggest that CD21+ vesicles containing
RNP-IC complexes intersect with the TLR endosomal compartment and activate TLR7. To
test this, we cultured B6 FDCs for 30 minutes with labeled RNP-IC, cultured them for 30
minutes with rhodamine-labeled CL264 (a ligand specific to TLR7), fixed the cultures,
counterstained for nuclei with Hoechst, and imaged the cells. We identified distinct vesicles
containing RNP-IC or CL264 (Figure 4C), with ~10% of these vesicles being co-localized.
These results suggest that a fraction of the CD21-RNP-IC vesicles intersect with the TLR7
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compartment, meaning DAMPs are potentially recognized by TLR7, which could induce
IFNa expression (Figure 4C).

If the major pathway for FDC expression of IFNa is via TLR7 then TLR7-deficient FDCs
will not respond to the uptake of RNP-1C via CD21. Using a similar approach as described
above, B6 and B6 7/r7/~ FDCs were cultured with complement-opsonized RNP-IC
overnight, and /fna RNA expression was analyzed. As expected, there was a significant
increase in /fna expression by B6 FDCs treated with RNP-IC, but 7/r7/~ FDCs failed to
respond to RNP-IC and expressed negligible levels of /fna (Figure 4D).

Thus, as observed for foreign antigen, FDCs took up complement-opsonized self-antigen
complexes via CD21 into a similar compartment as transferrin ligand. We observed that a
fraction of the RNP-1C-positive vesicles intersected with the TLR7 endosomal compartment
and triggered IFNa expression. Furthermore, FDCs deficient in TLR7 failed to express /fna
following culture with complement-opsonized DAMPs.

Autoantibody production in 564 Igi mice is dependent on the FDC MYD88 pathway

MYD88 is an essential adaptor for signaling through endosomal TLR 3, 5, 7, 8, and 9. To
test the importance of endosomal TLR signaling by FDCs in the lupus model, mice bearing
a floxed MYD88 locus (Myd88™" (Hou et al., 2008)) were bred with a Ca21° strain
(Kraus et al., 2004). In this strain, Ca21¢"¢ expression is limited to FDCs, B cells, and to an
undefined cell type in the CNS (Moriyama et al., 2011; Victoratos et al., 2006). To further
limit MY D88 blocking to FDCs, a BM chimera was prepared in which Ca21¢eMyd88™"1!
mice were lethally irradiated and reconstituted with 564 Igi BM (Figure 5A). Thus, all BM-
derived cells, including pDCs and self-reactive B cells, had sufficient MY D88 while FDCs
were deficient. MYDB88 also participates in the TLR4 pathway; however, TIRAP is required
for activation (Barton and Medzhitov, 2003). To distinguish between the endosomal TLR
and TLR4 pathways, additional control BM chimeras were constructed by reconstituting
Tirap™'~ mice with 564 1gi BM (Figure 5A).

The spleens were harvested from the three groups of BM chimeras, and cryosections stained
with anti-IFNa. In B6 and B6 7irap™/~ recipient spleens, follicular IFNa co-localized with
CD35+ reticular cells. By contrast, negligible IFNa staining of FDCs was observed in the
Ca21¢e Myad88™"M recipient spleens (Figure 5B). Thus, as observed in the Jn vitro
experiment using TLR7-deficient FDCs, blocking MYD88 expression in FDCs led to
impaired IFNa expression in the spleens of the 564 Igi BM chimeras.

To determine whether blocking FDC endosomal TLRs affected the escape from B cell
tolerance, a single-cell suspension was prepared from the spleens of the three sets of 564 Igi
BM chimeras and analyzed by flow cytometry. There was a spontaneous return of Id+ self-
reactive B cells in the B6 control chimeras, as expected (Figure 5C), and a similar frequency
of 1d+ cells in the 7irao™/~ chimeras, confirming that TLR4 activation via MYD88 was not
required for escape, though TLR4 can also be activated independently of MY D88 via the
TRIF adaptor. Strikingly, the 564 Igi BM chimeras prepared with Cd21¢eMya88™f
recipients had a reduced frequency of mature ld+ B cells relative to the control and 7irap™/~
chimeric mice (Figure 5C).
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To look for autoantibody secretion in the 564 Igi BM chimeras, serum prepared from the 3
groups was assayed by ELISA for binding to nucleoli-coated plates. As predicted, both B6
and Tirap™~ chimeras expressed similar levels of 1gG autoantibody as 564 Igi mice, which
ranged between 200 to 300 pug/ml (Figure 5D). By contrast, mouse chimeras bearing the
FDC-specific impairment of MYD88 signaling (Ca21¢eMyd88™"™ expressed ~4-fold lower
levels of total 1gG autoantibody. Analysis of the pathogenic 1gG2a isotype revealed a 5-6
fold reduction in the anti-nucleolar titer (OD405 nm) (Figure 5D). This isotype is
particularly relevant since it activates the inflammatory complement system, and activating
Fc-receptors can be pathogenic in autoimmune disease such as lupus (Banchereau et al.,
2016).

We also determined the frequency of splenic GC B cells by flow cytometry and LSCM.
Consistent with a reduction in the anti-nucleolar autoantibody of the switched 1gG2a
isotype, the frequency of GL7+ GC B cells was significantly reduced in the
Ca21°eMya88™f recipients relative to the B6 and 7irao™~ recipients in both spleen (Figure
5E) and skin-draining LNs (data not shown), and there was a 4-fold reduction in the GCs
per B-cell follicle count in splenic tissue (Figure 5F). IFNa expression by FDCs within the
GC follicular/GC areas was prominent in sections prepared from the B6 and 7irao/~
recipients but negligible in the Ca21¢eMya88™ recipients (Figure 5F), as expected.

Although FDCs are best characterized in their role of retaining antigen in secondary
lymphoid tissues, such as the spleen, LNs, and Peyer’s patches, they may have a role in the
negative selection of 564 Igi B cells in the BM during the immature stage (Allman et al.,
2001). We found a similar frequency of Id+ immature B cells (AA4.1M B220+) among the 3
chimeras (data not shown), approximately 80%, which is similar to the range identified
earlier for immature B cells isolated from the spleens of 564 Igi mice (Chatterjee et al.,
2013). Thus, the MYD88 signaling by FDC is unlikely to play a role in the elimination of
immature self-reactive B cells in the BM and more likely to be affecting their maturation and
differentiation instead.

Together, these results support a model in which expression of IFN | by FDCs is critical for
the escape of tolerance by self-reactive B cells and their maturation and differentiation in
GCs, as well as their eventual secretion of pathogenic 1gG autoantibody.

TLR7 signaling by FDCs is dependent on IRF5

Activation of TLR7 by agonists, such as gardiquimod, triggers the IFNa pathway in pDCs,
which is dependent on the transcription factor IRF7 (Honda et al., 2005) and is regulated by
IRF5, whose deficiency in lupus-prone mice is protective (Watkins et al., 2015; Yasuda et
al., 2013; Yasuda et al., 2007; Yasuda et al., 2014). To determine if IRF5 or IRF7 is required
in the FDC response to RNP-IC, FDCs were isolated from B6 controls or mice bearing a
knockout of either transcription factor. We treated ex vivo FDC cultures with RNP-ICs
overnight and analyzed their RNA by RT-PCR for /fnaand //6 expression. /fnaexpression in
/571~ FDCs was ~10-fold less than B6 FDCs, whereas the response of /77~ FDCs was
less robust (Figure S5A). Similarly, //6 expression was reduced in /r/5~ and /rf7"~ FDCs
relative to B6 controls (Figure S5A). Thus, activation of FDCs and the induction of /fnaand
/16 by the TLR7 agonist are dependent on both IRF5 and IRF7.
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To test whether IRF5 is required in stromal cells for IFNa production /7 vivo, /rf57~ and
control B6 mice were lethally irradiated and reconstituted with 564 1gi BM (Figure S5B).
IFNa expression was reduced in /775~ FDCs (Figure S5C), as determined by staining, and
there were fewer mature Id+ B cells in the /7757~ recipients, as determined by flow
cytometry (Figure S5D). Concordantly, there was a ~5-fold decrease in serum 1gG
autoantibody levels in the /775~ recipients, a decrease in the anti-nucleolar autoantibody
titer (OD405 nm) of the 1gG2a isotype (Figure S5E), a decrease in the frequency of GL7+
GC B cells (Figures S5F), and a decrease in the number of GCs per follicle versus the B6
recipients (Figure S5G). IFNa expression by FDCs co-localized with the splenic GC/follicle
areas in the B6 recipients as expected. By contrast, expression was absent in those areas in
the /rf57~ recipients (Figure S5G). Overall, the results suggest that IRF5, and potentially
IRF7, are required for TLR7 activation and its downstream affects on the lupus phenotype.

TLR7 expression by stromal cells is essential for the maintenance of self-reactivity

The finding that blocking MY D88 signaling in FDCs shuts off IFNa secretion and leads to a
reduction in spontaneous autoimmunity supports a critical role for endosomal TLR signaling
in autoimmunity. To provide direct support for TLR7’s effect in lymphoid stromal cells,
7Ir7"'~ mice were lethally irradiated and reconstituted with 564 1gi BM (Figure 6A),
meaning that the hematopoietic cells, including pDCs and B cells, were derived from the
564 Igi donor strain (and were 7/r7*/*), while the radiation-resistant stromal cells, including
FDCs, were TLR7-deficient. If endosomal TLR7 signaling by FDCs is the major pathway
for IFNa secretion, we would expect that splenic follicles in the 7/r7/~ BM chimeras would
have negligible amounts of IFNa protein. Indeed, splenic sections prepared from the 7/r7/~
recipients had significantly less FDC IFNa expression (Figure 6B) than the 564 Igi BM
chimeras where the recipients were TLR7 sufficient.

Flow cytometry of splenic cells found that the 777/~ recipients had a reduced frequency of
mature self-reactive (Id+) B cells compared to B6 mice reconstituted with 564 Igi BM
(Figure 6C) and reduced 1gG and IgG2a titers of anti-nucleolar autoantibody (Figure 6D).
As expected from the 1gG autoantibody titers, the frequency of GL7+ CD38 lo GC B cells
was reduced in the 7/r7"/~ recipients relative to B6 recipients (Figures 6E), and LSCM
analysis confirmed a similar reduction in the frequency of GCs (Figure 6F). Notably, IFNa
staining colocalized with the FDC region in the B6 recipients, but was absent in follicles of
TIr7-~ recipients (Figure 6F). To test if the 7/r77/~ stromal cells in the BM chimeras also
led to reduced deposition of Id+ immune complexes, kidneys were harvested from the two
chimeras and cryosections stained with anti-1d antibody. LSCM analysis identified deposits
of 1d+ antibody in glomeruli of all four B6 564 Igi BM chimeras, but only one of the four
kidneys of 7/r7~ 564 Igi BM chimeras (Figure S6), which is consistent with the reduction
in 1gG2a anti-nucleolar antibody titers.

The combined results demonstrate that the 7/r7 7~ recipients had a significant reduction in
autoimmunity relative to the B6 controls, confirming the importance of TLR7 activation in
stromal cells during the autoantibody response.
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DISCUSSION:

We examined the importance of follicular dendritic cells (FDCs) in the 564 Igi murine
model of lupus. As observed in the well-characterized lupus strain NZB/NZW F1, we found
that autoimmunity was dependent on type | interferon (IFN I). Blocking IFNa receptor
(IFNAR) signaling, either with a blocking antibody or genetic deficiency in bone marrow-
derived cells, reduced the loss of B cell tolerance, reduced spontaneous GC formation, and
reduced by 4-5 fold the secretion of pathogenic autoantibody. Remarkably, plasmacytoid
dendritic cells (pDCs), which are a major source of IFN I in lupus mouse models and lupus
patients, were not an essential source here. Instead, FDC expression was crucial to
spontaneous autoimmunity. We propose that the underlying mechanism is due to FDCs
internalizing ribonucleolar immune complexes (RNP-IC) via CD21, which triggers the
endosomal TLR7 pathway and induces expression of IFNa and IFNP.

We presented several lines of evidence to support our model. First, FDCs isolated from 564
Igi mice, but not WT mice, spontaneously expressed /fnaand /fnb1. Second, stimulation of
WT FDCs with gardiquimod, a specific ligand for TLR7, upregulated /fna mRNA ~3-fold
over a 6-hour period. Third, B6 FDCs (and human FDCs) that have taken up RNP-IC
opsonized with complement expressed /fna mRNA 20-fold more than non-activated
controls. Moreover, /n vitro treatment of FDCs loaded with RNP-IC with a blocking anti-
CD21 antibody eliminated self-antigen complexes and reduced IFNa expression. Fourth,
spontaneous autoimmunity was dramatically reduced in BM chimeric mice in which the
FDCs were derived from 7/r7~ or Cd21°¢ Myad88™f mice. Finally, IRF5 deficiency in
stromal cells reduced IFNa expression by FDCs and, correspondingly, reduced
autoimmunity in BM chimeric mice.

Previous studies proposed a two-signal model in which self-reactive B cells are rescued from
anergy by the activation of TLR7 following the BCR internalization of nuclear material (Lau
et al., 2005; Leadbetter et al., 2002). It has been proposed that the uptake of IC containing
apoptotic material by pDCs induces IFNa secretion that enhances B cell sensitivity to TLR7
activation and triggers their differentiation into Ig-producing cells (Krieg, 2007). In the
BXSB.DTR model, ablating pDCs prior to disease onset reduces renal injury and, to some
extent, autoantibody titers, though the frequency of autoreactive B cells and the GC response
have not been examined (Rowland et al., 2014). Likewise, impairing pDCs in lupus strains
that overexpress 7/r7or express the Slel.5/e3 susceptibility genes reduces autoimmunity
(Sisirak et al., 2014). These results are not inconsistent with our observations, as our Siglec-
H treatment blocks type | interferon expression and is not thought to impair pDC function.

A possible role for FDCs in autoimmunity was first proposed by Victoratos et al,, after they
found that an intact FDC network was required for autoimmunity in the K/BxN T cell
transgenic arthritis model (Victoratos and Kollias, 2009). They proposed that FDCs were
required for the recruitment of arthritogenic T follicular helper cells. Whether self-antigen
complexes in the K/BxN model are acquired by FDCs and trigger TLRs was not reported,
although elevated expression of type I interferon could help explain autoimmunity in their
model.
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Using a novel BM chimeric model in which FDCs in the recipient mice express a membrane
form of duck egg lysozyme (DEL), Yau et a/. constructed chimeric mice in which the B cell
compartment developed from donor marrow prepared from SWHEL BCR transgenic strain
(Yau et al., 2013). In this mouse, FDC expression of the DEL self-antigen leads to deletion
of the self-reactive B cells at the T2 transitional stage, although not all self-reactive B cells
are eliminated and a small fraction differentiate to maturity. In the 564 Igi model, where
self-antigen immune complexes are retained by FDCs, we also observed a reduced number
of self-reactive B cells at the transitional stage but some did escape tolerance. An important
difference between the two models is that, in the 564 1gi model, the self-antigen, which
includes DAMPs, is internalized and triggers FDC endosomal TLR7, leading to expression
of cytokines, such as IFNa, that enhance the escape of tolerance. Thus, the nature of the
antigen retained by FDCs can influence their role in the negative selection of self-reactive B
cells.

Based on our results, we propose that internalizing DAMPSs opsonized with complement via
CD21 by FDCs activates endosomal TLRs and triggers the secretion of IFNa. The fact that
C3-opsonized DAMPs can be retained and cycled periodically over extensive periods
explains the chronic cytokine secretion that “drives” differentiation of self-reactive B cells,
spontaneous GC formation, and possibly epitope spreading in mice heterozygous for the Ig
BCR. While the staining of FDCs with anti-IFNa was primarily with GCs in the follicles, it
seems likely that the response to DAMPs and the activation of TLR7 is not limited to GC
FDCs but can occur in primary FDCs following internalization of nucleolar material, as
observed in the /n vitro experiments.

Although the 564 1gi mice develop a mild form of disease, the secretion of anti-nucleolar
1gG leads to kidney deposits of IgG immune complexes and complement C3 by nine months
of age (Chatterjee et al., 2013). Eventually, the mice develop renal pathology and
dysfunction by 12-15 months of age (Berland et al., 2006). Blocking TLR7 signaling in
FDCs dramatically reduces 1gG2a autoantibody production and deposition of Id+ immune
complexes in the glomeruli of 564 Igi BM chimeras, thus it would be expected to protect
against renal injury. This observation combined with our finding that human FDCs also
respond to DAMPs and express IFNa in ex vivo cultures suggests this pathway may be an
important target for therapy.

In summary, we identified an unexpected role for FDCs as sensors of self-antigen DAMPs,
which leads to the secretion of IFNa and the enhancement of autoreactive GCs and
autoantibody titers. It is important to learn if additional sensors of innate immunity are
triggered via internalization of DAMPs via the CD21 cycling receptor.

EXPERIMENTAL PROCEDURES:

Mice.

We used 564 Ig heavy and light chain knock-in (564 Igi) mice (Berland et al., 2006). Mice
were heterozygous for the transgenic (IgM?2) and endogenous (IgMP) IgH alleles and were
aged 6 to 8 weeks (both males and females). C57BL/6, /fnarl™~, Cd21¢ and Myd8s™
mice were purchased from Jackson Laboratories. All mice were maintained in specific-
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pathogen-free facilities at Harvard Medical School. The Institutional Animal Care and Use
Committee (IACUC) at PCMM and Harvard Medical School approved all animal
experimental procedures. /rf57~ (Takaoka et al., 2005) and /r#7~ mice (Honda et al., 2005)
were maintained at Boston University animal facility. The /775~ mice used were
backcrossed 15 generations with B6 and expressed the normal WT allele for Dock2
(dedicator of cytokinesis)(Yasuda et al., 2013).

Flow cytometry.

Single-cell suspensions were stained with anti-564 (anti-idiotype; 1gG1) monoclonal
antibody (clone 9D11) or antibodies to CD3, CD19 (1D3), CD21/35 (7G6), CD35 (8C12),
CD23, IgD, GL-7, CD38, CD93 (AA4.1), or B220 (RA3-6B2). Antibodies were purchased
from BioLegend. Stained cells were acquired using a FACS Calibur or a FACS Canto (BD
Biosciences), and data were analyzed using FlowJo (Tree Star, Inc.) software.

Generation of BM chimeric mice.

Recipient mice were prepared as described (Chatterjee et al., 2013). In short, recipient mice
were lethally irradiated, and the next day, 1x107 donor-derived BM cells were injected.
Recipient mice were fed with sulfamethoxazole/trimethoprim-containing water for two
weeks following reconstitution and analyzed 6—8 weeks after reconstitution.

FDC isolation and ex vivo culture.

FDCs were purified by /n vivo CD35/CD21 labeling. In short, mice were injected with 10 ug
of anti-CD35/CD21 (8C12) labeled with biotin. Spleens were harvested and digested with
Collagenase P, Dispase, and DNase I. FDCs were obtained by labeling with streptavidin-
coated magnetic beads (Miltenyi) and passing the cell suspension through EasySep magnet.
50000 cells were plated on collagen(Roche)-coated coverslips (Warner Instruments). Cells
were cultured on coverslips for 5 to 10 days to allow recovery and to regain their dendritic
morphology.

Antibody treatment of 564Igi mice.

To block type I interferon signaling in 5641gi strain, mice were injected with 250ug of anti-
IFNAR(Clone MAR1-5A3, a kind gift from Medimmune, LLC, originally developed in the
lab of Dr. Robert D. Schreiber) or isotype control (Clone 1A7, a kind gift from Medimmune,
LLC, originally developed in the lab of Dr. Michael S. Kinch), intra-peritoneally for 4
consecutive days (Sheehan et al., 2006). On day 5 mice were euthanized and cells were
isolated for analysis of frequency of idiotype positive B cells and germinal center B cells.
For long-term treatment, 5641gi mice were treated for two weeks with anti-IFNAR. The
mice were injected with 250pg of the anti-IFNAR or isotype control antibody intra-
peritoneally on days 0, 4, 8 and 12. The spleens were harvested and analyzed on day14.

Anti-Siglec H treatment is known to block IFNa production by pDCs. 5641gi mice were
injected with 500pug of anti-Siglec H(Bio X Cell, Clone 440c, originally developed in the lab
of Dr. Marco Collona) or isotype control (Bio X Cell, Clone LTF-2), intra-peritoneally for 4
consecutive days (Ochando et al., 2006) (Blasius et al., 2004; Blasius et al., 2006). On day 5
mice were euthanized and cells were isolated for analysis. For intracellular staining of IFNa,
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10 X 106 cells were resuspended in 1ml of DMEM supplemented with 10%FBS containing
10ug/ml of Brefeldin A. The cells were incubated for 3 hours at 37°C. After the incubation,
cells were stained for surface markers and fixed with fixation buffer (Biolegend). Cells were
then permeabilized using permeabilization buffer (Biolegend) following manufacturer’s
protocol and then stained for IFNa..

Anti-nucleolar ELISA.

For measuring levels of auto-antibodies against nucleoli, an indirect ELISA approach was
used. ELISA plates were coated with nucleoli isolated from Raji cells (as described in
supplemental experimental methods). After blocking, serum samples and standard antibody
(564 anti-RNP; C11 clone) were added to their designated wells. For detection, either
alkaline phosphatase (AP) labeled anti-1gG or anti-lgG2a was used. In case of 1gG level
analysis, 564-anti-nucleolar antibody (clone C11) was used as standard for calculation of
serum levels.

Immunohistology and confocal imaging.

Cryosections of spleen and LN tissues were prepared and stained as described previously
(Chatterjee et al 2013). Images were acquired with a FluoView FVV1000 confocal
microscope (Olympus) and processed with FluoView software (Olympus). Data were
analyzed with Volocity software (Perkin-Elmer) or ImageJ.

Gene expression analysis

Gene expression analysis was performed using TagMan Gene Expression Assays in the
BioMark 48.48 Dynamic Array chips (Fluidigm Corp.) Delta-delta Cts (AACt) were
calculated using the mean of two reference genes (18S and GAPDH) and converted to fold
change by the 2-AACt formula relative to the B6 control. gPCR (RT-PCR) analyses of /fna,
116, and /fnb1 were performed using the SYBR-green system. The primers used were /fna:
5’-cttccacaggatcactgtgtacct-3’ and 5°-ttctgctctgaccaccteee-3°, 116.5’-
tagiccttcctaccecaatttec-3’ and 5’- ttggitccttagecactectte-3’, and /fnbl: 5°—
actagaggaaaagcaagaggaaag-3’ and 5’-ccaccatccaggegtage-3°.

Statistical Analysis.

Results were expressed as the mean + the standard error of the mean (SEM). Differences
between groups were analyzed using the Student’s t test. One-way ANOVA was used for
multi-group comparisons.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1: IFNa is required for the maintenance of self-reactive B cells.
(A) /fnaand Mx1 expression measured by RT-PCR using splenic RNA from respective mice

strains. Results representative of two experiments (one-way ANOVA, n = 6). (B) Spleen
sections stained with anti-CD35 (green) and anti-IFNa (red), imaged by LSCM. Bar graph
shows the MFI of IFNa (one-way ANOVA, n = 3). (C) Timeline of anti-IFNAR treatment.
(D) FACS plots of mature Id+ B cell % in 564 Igi mice treated with anti-IFNAR (Student’s
T test, n = 3, P < 0.005). Plots show two groups of mice gated on B220+ AA4.1 low cells.
Each data point is one mouse. (E) Flow cytometry of spleen GC B cell % in anti-IFNAR
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treated 564 I1gi mice (Student’s t test, n = 3, P < 0.05). Plots shown are gated on B220+ cells.
Each data point is one mouse. (F) Plots are spleen cells gated on B220+ AA4.1 low cells.
Data representative of two experiments. P values were calculated by Student’s t test; ns = not
significant. (G) 564 Igi BM cells were mixed with either B6 (/fnar1*'*) or Ifnarl”~ BM
cells in a 1:9 ratio and transferred into irradiated B6 recipients. Left, representative flow-
cytometry plots of mature Id+ B cells. Middle, mature Id+ cells in B6 controls vs. /fnarl™~
BM donors (Student’s t test, n = 3, P < 0.05). Right, anti-nucleolar antibody titers between
B6 controls (/frarI*’*) and /fnarI”~ BM donors (Student’s t test, n = 3, P < 0.0005). Data
representative of two experiments.
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Figure 2: Absence of IFNa secretion by pDCs does not affect mature self-reactive B cells.
(A) 564 Igi mice were injected with 500 ug of anti-Siglec H (clone 440c). (B) Day 5, cells

were stained for B220, CD11 c, and PDCA-1, followed by fixation-permeablization and
staining for IFNa. Left, pDC gating. Right, IFNa MFI comparison. There were four mice
per group. (C) FACS plots showing % mature 1d+ B cells (Student’s t test, n = 4, P > 0.05).
Gated on mature B220+ AA4.1 low cells. Bar graph has four mice per group. (D) FACS
plots showing % GC B cells (Student’s t test, n = 4, P > 0.05). Gated on B220+ cells. Bar
graph has four mice per group.
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Figure 3: FDCs express Ifnain response to self-antigen (RNP)-IC and TLR?7 activation, and at
comparable levels to pDCs in the 564 1gi mouse.

(A) FDCs were purified as described in Methods. (B) Fluidigm analysis of mRNA
expression of different /fnaisoforms. (C) IFNa-inducible genes expressed by FDCs: MxZ,
Cxcl10, and /fit1. (D) B6 FDCs from spleens treated with gardiquimod (1 pg/ml) for 6
hours. Bar graph shows relative level of /fna (Student’s t test, n = 3, P < 0.0005). Data from
three experiments. (E) Murine FDCs treated with RNP-IC. RT-PCR of /fna levels (Student’s
t test, n = 3, P < 0.0005). Data representative of three experiments. (F) FDCs isolated from
human spleen incubated with RNP-IC. Primers designed to detect all isoforms of /fna
(Student’s t test, n = 3, P < 0.005). (G) Splenic pDCs (B220"CD11"PDCA-1*) isolated
from 564 Igi mice were purified by sorting. FDCs were also isolated from the same mice.
(H) Expression levels of /fnaand /fnb1 measured by RT-PCR. Bar graphs show expression
of /fnaand /fnb1in FDCs and pDCs (Student’s t test, n = 3, P < 0.05). Data representative
of two experiments.
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Figure 4: FDCs cycle self-antigen after internalization through CD21 and activate TLR7.
(A) Purified 564 Igi FDCs were treated with fluorescent-labeled transferrin ligand, stained

for RNP-1C and Lampl, and imaged by LSCM. Left, representative confocal image with Id
+, transferrin ligand (Tf), or lysosome (Lampl) stain. Tf (blue); Id (red); Lampl (green);
Nucleus (cyan). Scale: 10 um. Insets identify one 1d+ Tf+ vesicle at higher magnification.
Right, quantification of Id+ vesicles. Each data point is one cell (Student’s T test, P < 0.05).
(B) B6 splenic FDCs treated with RNP-IC followed by anti-CD21 (7G6 clone).
Representative LSCM panels; nucleus (cyan); 1d+ vesicles (green); CD21/35 (red); IFNa
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(magenta). Scale: 10 um. Top bar graph, MFI of Id+ vesicles in each cell quantified from
three groups: untreated (UT), RNP-IC, and RNP-IC followed by purge with anti-CD21
(7G6) or isotype control (Iso) (Student’s t test, n = 35, P < 0.0005). Bottom bar graph, MFI
of IFNa signal in each cell quantified from the same 3 groups (Student’s t test, n = 35, P <
0.0005). The dot plot shows the correlation between the RNP-IC and IFNa. MFIs of each
cell quantified. (C) Cultured B6 splenic FDCs treated with RNP-1C before labeling with
CL264-rhodamine. Left, representative LSCM; nucleus (blue); 1d+ (IC+) vesicles (green);
CL264+ vesicles (red); combined red and green, and bright-field image. Scale: 10 um. Insets
show magnified examples of CL264* vesicles with or without RNP-IC. Right, bar graphs
compare the number of vesicles per cell stained for Id+ (IC+) alone, CL264+ alone, or both.
Bar graph on far right compares % of double-positive vesicles of total Id+ (IC+) or CL264+.
Representative of two experiments. (D) FDCs isolated from B6 or 7/r7/~ mice treated with
RNP-IC overnight, then RT-PCR of /fnalevels. Data representative of two experiments.
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Figure 5: FDCs maintain self-reactive B cells via the MyD88 pathway.
(A) Diagram of BM chimeras. (B) LSCM of spleen sections (60x) from BM recipients (one-

way ANOVA, n = 11, P < 0.0005). Scale: 50 um. Arrowheads indicate FDC networks. Data
representative of two experiments. Bar graph of MFI of IFNa. Each data point is one
continuous FDC area. (C) Flow cytometry plots showing mature % Id+ B cells in BM
chimeras gated on mature B220 positive AA4.1 low cells (one-way ANOVA). Data from two
experiments. (D) ELISA serum anti-nucleolar 1gG (/eft panel) and 19G2a (right panel) levels
in the BM chimeras (one-way ANOVA, n =3, P < 0.05). (E) Flow cytometry plots showing
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GL7* B cell frequencies (one-way ANOVA). Representative plots are gated on B220+GL7+
splenic B cells. Data from two experiments. (F) LSCM of spleen cryosections (20x) from
the BM chimeras (one-way ANOVA, n = 20, P < 0.0005). Scale: 200 pm. Arrowheads
indicate FDC/GC area. GC areas and follicle boundaries are indicated by dotted lines in
second row of images. Data representative of two experiments. Bar graph indicates number
of GCs per B-cell follicle. Each data point is one follicle.
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Figure 6: Autoreactive B cells and autoantibody production is dependent on TLR7 expression by
stromal cells.

(A) Diagram of BM chimeras. (B) IFNa expression within FDC network based on LSCM of
spleen sections (60x) (Student’s t test, n = 75, P < 0.0005). Scale: 50 pm. Data
representative of two experiments. Bar graph of MFI of IFNa. Each data point is one
continuous FDC area. (C) FACS plots showing mature Id+ B cell frequencies (Student’s t
test, n = 4, P < 0.0005). Plots shown are gated on B220+ AAA4.1 low cells. Each data point is
one mouse. Data representative of two experiments. Bar graphs represent pooled results. (D)
ELISA data showing serum anti-nucleolar 1gG (/eft panel) and 19G2a (right panel)
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(Student’s t test, n = 4, P < 0.05). (E) FACS of splenic GL7" CD38~ GC B cell frequencies
(Student’s t test, n = 4, P < 0.005). Plots shown are gated on B220+ cells. Data
representative of three experiments. Each data point is one mouse. (F) LSCM of spleen
sections (20x) (one-way ANOVA, n = 18, P < 0.0005). Scale: 200 um. Arrowheads indicate
FDC/GC area. GC areas and follicle boundaries are indicated by dotted lines in second row
of images. Data representative of two experiments. Bar graph indicates number of GCs per
B-cell follicle. Each data point is one B-cell follicle.
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