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SUMMARY

The differentiation of follicular dendritic cells (FDC)
is essential to the remarkable microanatomic plas-
ticity of lymphoid follicles. Here we show that FDC
arise from ubiquitous perivascular precursors
(preFDC) expressing platelet-derived growth factor
receptor b (PDGFRb). PDGFRb-Cre-driven reporter
gene recombination resulted in FDC labeling,whereas
conditional ablation of PDGFRb+-derived cells abol-
ished FDC, indicating that FDC originate from
PDGFRb+ cells. Lymphotoxin-a-overexpressingprion
protein (PrP)+ kidneys developed PrP+ FDC after
transplantation into PrP� mice, confirming that
preFDC exist outside lymphoid organs. Adipose
tissue-derived PDGFRb+ stromal-vascular cells re-
sponded to FDC maturation factors and, when
transplanted into lymphotoxin b receptor (LTbR)�

kidney capsules, differentiated into Mfge8+CD21/35+

FcgRIIb+PrP+ FDC capable of trapping immune com-
plexes and recruiting B cells. Spleens of lymphocyte-
deficient mice contained perivascular PDGFRb+ FDC
precursors whose expansion required both lymphoid
tissue inducer (LTi) cells and lymphotoxin. The ubiq-
uity of preFDC and their strategic location at blood
vessels may explain the de novo generation of
organized lymphoid tissue at sites of lymphocytic
inflammation.

INTRODUCTION

Follicular dendritic cells (FDC) engage B cells in germinal centers

(GC) of secondary lymphoid organs (SLO) with processes laced
194 Cell 150, 194–206, July 6, 2012 ª2012 Elsevier Inc.
with immune complexes (IC) (Klaus et al., 1980; Mandel et al.,

1980; Tew et al., 1982). B cells bearing high-affinity receptors for

immune-complexed antigens establish contact with FDC, which

in turn provide survival signals. FDC also supply milk-fat globule

epidermal growth factor 8 (Mfge8, identical with the FDC-M1

antigen), which controls the engulfment of apoptotic B cells by

macrophages (Hanayama et al., 2004; Kranich et al., 2008).

The origin of FDC is incompletely understood. FDC resemble

fibroblasts ultrastructurally and appear to derive from local

radioresistant precursors (Alimzhanov et al., 1997; Blättler

et al., 1997; Cyster et al., 2000; Humphrey et al., 1984; Imazeki

et al., 1992; Kamperdijk et al., 1978; Yoshida and Takaya,

1989). During chronic inflammatory reactions, which often result

from impaired pathogen clearance (e.g., hepatitis C) or autoim-

munity (e.g., rheumatoid arthritis), nonlymphoid tissues undergo

reorganization into tertiary lymphoid tissues (TLT) (Aloisi and

Pujol-Borrell, 2006; Drayton et al., 2006; Mebius, 2003). Similarly

to SLO, TLT consist of highly structured T cell areas, B cell folli-

cles, and FDC. TLT arise almost anywhere in the body, implying

that FDC precursors may be ubiquitous.

Here we show that FDC are derived from ubiquitous perivas-

cular PDGFRb+ precursors. Although the early perivascular

progenitors are generated by a lymphotoxin (LT)-independent

process, further maturation requires signaling by LT and tumor

necrosis factor (TNF) family members. Beyond its relevance to

SLO organogenesis, these findings help explaining the rapid

generation of specialized TLT at virtually any vascularized site

of chronic inflammation.

RESULTS

While investigating the cellular sources of splenic Mfge8 (FDC-

M1), we noticed that Mfge8 transcription was not restricted to

mature FDC. It extended to cells located around marginal

sinuses (MS) and within splenic T cell zones (Figure 1A) (Kranich
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Figure 1. FDC-like Cells in Spleens Lacking

FDC

(A) ISH for Mfge8 and Cxcl13 mRNA on consec-

utive WT spleen sections. Cellular compartments

are highlighted in color: red, marginal zone (MZ);

blue, T cell zone; orange, B cell follicle containing

mature FDC. Boxes (here and henceforth): areas

reproduced at higher resolution. Asterisks (here

and henceforth): FDC networks in B cell follicle.

Arrows: bipolar Mfge8+ and Cxcl13+ cells lining

marginal sinuses (MS).

(B and C) IF stains for the FDCmarkers Mfge8 and

MAdCAM1 (B) or CD21/35 (C) (Colocalization on

mature FDC (asterisks), MS Mfge8+ cells coex-

press MAdCAM1 (arrows), but not CD21/35.

Overlays of blue and red at similar intensity levels

result in magenta, and higher-intensity blue yields

a whitish signal.

(D and E) Consecutive sections of WT, Tnfr1�/�,
and Lta�/� spleens were analyzed for expression

of Mfge8 mRNA or stained for B cells and FDC

with CD21/35. Arrows: Mfge8+ cells in MS (WT

and Tnfr1�/�) and in white pulp (Lta�/�). Dashed
lines indicate margins of the vestigial follicles in

the Lta�/� mice. Scale bar here and henceforth

(unless indicated otherwise): 100 mm.

See also Figures S1 and S2.
et al., 2008) that often displayed two or more dendritic protru-

sions. In situ hybridization (ISH) for the FDC-associated chemo-

kine CXCL13 (BLC) yielded similar patterns (Figure 1A). Mfge8+

cells coexpressed MAdCAM1, ICAM1, and BP-3 (bone marrow

stromal antigen 1) (Figure 1B; see S1A and S1B available online).

We then tested for the presence of CD21/35 and FcgRIIb,

which are instrumental to IC-trapping by FDC. However, no

CD21/35 (Figure 1C) and very little FcgRIIb were detectable by

immunofluorescence (IF, Figure S1C). The prion protein (PrP),

which is abundant on FDC, was also not detected (Figure S1D).

Because they possessed some FDC-like properties yet lacked

IC-trapping receptors, we considered these cells as immature

and termed them ‘‘preFDC.’’

Activated macrophages can express Mfge8 (Hanayama

et al., 2002). We therefore investigated whether splenic Mfge8

originated from macrophages populating the marginal zone
Cell 150, 194–
(MZ). However, the phagocytic markers

ERTR-9 andMOMA-1 failed to colocalize

with Mfge8 (Figures S1E and S1F). More-

over, reciprocal bone marrow (BM)

chimeras between wild-type (WT) and

Mfge8�/� mice had shown that all

Mfge8 transcribing cells within SLO

were stromal and radioresistant (Kranich

et al., 2008). Hence hematopoietic cells

are not a source of Mfge8 within SLO.

preFDC Development Requires
LTbR but Not TNFR1 Signaling
Sustained activation of the lymphotoxin

beta receptor (LTbR) and the tumor
necrosis factor receptor 1 (TNFR1) is required to induce and

maintain FDC (De Togni et al., 1994; Fütterer et al., 1998; Le

Hir et al., 1995–1996, 1996; Pasparakis et al., 1996). ISH anal-

yses of spleens from mice lacking TNFR1 (Figures 1D, 1E, and

S2A–S2C) or TNF alpha (Tnfa�/�; data not shown) for Mfge8

and Cxcl13 revealed preserved preFDC in the MS and white

pulp despite the absence of mature FDC and abnormal accumu-

lations of CD21/35+ B cells next to the MS (Figure 1D; Ngo et al.,

1999). In contrast, ablation of LTbR or of its ligands (Lta�/�,
Ltb�/�) decimated the preFDC population to single scattered

cells within the disorganized white pulp (Figures 1D, 1E, and

S2A–S2C).

These results suggest that the maintenance of preFDC relies

on LTbR and their further maturation depends on TNFR1 signal-

ing. We therefore treated WT mice with a soluble LTbR-Ig immu-

noadhesin (Force et al., 1995; Mackay and Browning, 1998; Ngo
206, July 6, 2012 ª2012 Elsevier Inc. 195



et al., 1999). Upon intravenous treatment with LTbR-Ig, Mfge8

expression was profoundly reduced in MS and T/B cell areas

of these spleens compared to isotype-treated mice, confirming

that LTbR signaling is also required by preFDC (Figure S2D).

preFDC in Mice Lacking Lymphocytes
FDC maturation strictly requires B cells expressing LTab (Fu

et al., 1998; Tumanov et al., 2004). To define whether preFDC

undergo B cell-dependent maturation stages, we analyzed

Mfge8 expression in mMTD mice that lack B cells (Kitamura

et al., 1991) and Rag1�/� mice that lack B and T cells (Mom-

baerts et al., 1992). Unexpectedly, ISH identified Mfge8+ and

Cxcl13+ cells within the vestigial white pulp of mMTD mice (Fig-

ure S3A) and even of Rag1�/� mice (Figure 2A and S3B; Ngo

et al., 2001). We therefore investigated spleens of double

mutants for Rag2 and the common cytokine receptor gamma

chain (Rag2�/�gc�/�) lacking B, T, and natural killer (NK) cells

(Goldman et al., 1998). Rag2�/�gc�/� spleens had only few

Mfge8+/Cxcl13+ clusters along isolectin B4 (IB4) positive

vascular structures (Figures 2B, 2C, and S3C), whereas gc�/�

mice maintained Mfge8+ FDC and preFDC (Figure S3D).

Rag2�/�gc�/� Mfge8+/Cxcl13+ cells clustered along vessels

stained for smooth muscle actin (SMA) and tyrosine hydroxylase

(TH), reflecting innervated splenic arterioles (Figure S3E). Even in

fully developed spleens, some Mfge8+ cells remained associ-

ated with central arterioles (Figure S3F).

We then assessed the transcription of genes associated with

FDC and/or LTbR activation (Huber et al., 2005) (Figures 2D

and S3G). All FDC-deficient spleens had lower levels of Mfge8,

Cxcl13, Clusterin, and Igfbp3 (p < 10�4 for each transcript)

than WT spleens. In Tnfr1�/�, Rag1�/�, and mMTD spleens the

reduction was less pronounced than in Lta�/�, Ltb�/�, Ltbr�/�,
and Rag2�/�gc�/� mice, suggesting that FDC maturation was

arrested at a later stage. Cd21 expression was strongly reduced

in B cell-deficient spleens (Rag1�/� and mMTD, p < 10�4), slightly

diminished in Lta�/� (n.s.), Ltb�/� (p < 0.01) and Ltbr�/� spleens

(n.s.), and remained unchanged in Tnfr1�/� spleens. The dearth

of Cd21 transcripts in mice lacking B cells but containing abun-

dant preFDC confirmed that preFDC do not express Cd21, in

accordance with the failure of Mfge8/CD21/35 stains to identify

double-positive cells around the MS of WT mice (Figure 1C).

Furthermore, no protein staining for CD21/35 could be observed

in Rag1�/�, mMTD or Rag2�/�gc�/� spleens (data not shown).

Hence within the FDC lineage Cd21 transcription is restricted

to fully mature FDC.

Expression ofMfge8 in Rag2�/�gc�/� was much lower than in

Rag1�/� mice (Figures 2A–2D). We suspected this to be caused

by a further reduction in LTbR signaling. Indeed Lta mRNA was

lower in Rag2�/�gc�/� spleens (p < 0.05, Figure 3A). Also, Tnfa

transcripts were slightly reduced (n.s., Figure 3B). We then

treated Rag2�/�gc�/� mice with an agonistic LTbR antibody

(Rennert et al., 1998). Within 24 hr, splenic Mfge8 was upregu-

lated compared to isotype-treated mice (Figure 3C).

NK Cells Are Dispensable, but Lymphoid Tissue Inducer
Cells Are Necessary for preFDC
A consequence of gc deficiency is the absence of NK cells.

Because activated NK cells express LTab, we wondered
196 Cell 150, 194–206, July 6, 2012 ª2012 Elsevier Inc.
whether they might induce Mfge8+ preFDC (Ware et al., 1992).

We therefore depleted NK cells from Rag1�/� mice using anti-

NK1.1 antibodies (Strick-Marchand et al., 2008), and confirmed

depletion by flow cytometry (isotype-treated mice 49 ± 8, anti-

NK1.1-treated 0 ± 0% NK1.1+DX5+ NK cells; Figure S3H).

We also observed a slight rise in DX5+ single positive cells in

NK cell depleted mice (control: 2.0 ± 0.4%, NK1.1 depleted:

7.5 ± 1.6%; Figure S3H). These cells could either be few

remaining NK cells unable to bind NK1.1 antibodies due to

competition with the NK1.1 antibody used in the treatment, or

non-NK DX5+ cells that have increased as a result of the treat-

ment. Mfge8 expression (qPCR and ISH) remained unaltered

compared to isotype-treated mice (Figure 3D), indicating that

NK cells are dispensable for Mfge8 induction and no relevant

source of LT.

Lymphoid tissue inducer (LTi) cells can also express LTab.

Embryonic LTi are essential for the induction of various SLO,

yet have no impact on splenic development (Cupedo et al.,

2004; Eberl et al., 2004; Finke et al., 2002; Mebius et al., 1997;

Zhang et al., 2003). Adult LTi cells were observed in spleens of

WT, Rag1�/�, and Rag2�/� mice (Kim et al., 2008; Takatori

et al., 2009). However, although Rag2�/�gc�/� mice contain

residual LTi cells, they are numerically reduced and express

diminished levels of stimulatory molecules (Takatori et al., 2009).

Total LTi cell (B220�CD3�CD4+Il7R+) counts in Rag2�/�gc�/�

were significantly lower than inRag1�/�mice (Figure 3E) and LTi-

specific CD30 ligand (Cd30l) mRNA was profoundly reduced

(Figure 3F), suggesting an involvement of LTi cells in the gener-

ation of Mfge8+ cells. We therefore crossed Rorc(gt)�/� mice,

which lack LTi cells (Eberl et al., 2004), with Rag1�/� mice.

Although Rorc(gt)�/� mice showed normal splenic organiza-

tion and localization of mature Mfge8+ FDC (Figure 3G),

Rag1�/�Rorc(gt)�/� spleens displayed strongly reduced Mfge8

transcription and far fewer Mfge8+ cells than Rag1�/� spleens

(Figure 3H). No residual white pulp structures were found in

Rag1�/�Rorc(gt)�/� spleens. Therefore, in the absence of B

cells, the interaction of LTi cells (rather than NK cells) with the

splenic stroma triggers early steps of white pulp development

including the generation of preFDC.

Splenic Mfge8+ Cells Are Induced Perivascularly
from PDGFRb+ Cells
To identify transient stages between perivascular Mfge8 ex-

pressing cells and mature follicular FDC, we induced follicle

development in Rag2�/�gc�/� mice by administering BM or

splenocytes. We either used WT (data not shown) or Mfge8�/�

BM (Figure 4A), or transferred WT splenocytes (data not shown;

Kapasi et al., 1993). By transferring BM, the spleen was supplied

continuously with physiologic numbers of lymphocytes, whereas

the total splenocytes transfer was used to examine the behavior

of perivascular preFDC responding specifically to mature

lymphocytes. The use of Mfge8�/� BM ensured that induced

Mfge8+ cells were indeed host-derived. At day 3 after BM trans-

fer, we observed an influx of B and T cells at sites of Mfge8

expression.Mfge8+ cells were further induced at the lymphocyte

entry points (Figure 4A, top row). At day 13, many Mfge8+ cells

populated the perivascular areas and engaged in various stages

of follicle formation (Figure 4A, bottom row). Transfer of WT BM
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Figure 2. Mfge8+ Cells in Mice Lacking Lymphocyte Subsets

(A and B) ISH forMfge8 on consecutive splenic cryosections ofRag1�/� (A) andRag2�/�gc�/�mice (B). # (here and hereafter) indicates central arterioles, arrows:

Mfge8+ preFDC surrounding the residual white pulp in Rag1�/� spleens or adjacent to the vasculature in Rag2�/�gc�/� spleens.

(C)Mfge8 ISH (left), isolectin B4 histochemistry (IB4, middle), and overlay (right; IB4 shown in red) of a Rag2�/�gc�/� spleen. TI, tunica intima; TM, tunica media.

(D) Relative abundance of Mfge8, Cxcl13, Clusterin, and Cd21 transcripts in WT, Tnfr1�/�, Lta�/�, Ltb�/�, Ltbr�/�, mMTD, Rag1�/�, and Rag2�/�gc�/� spleens

(qPCR, n = (2–4)3 3 technical replicas [here and thereafter in qPCRmeasurements]). Statistics (here and thereafter): unpaired t test; n.s., not significant; *p < 0.05;

**p < 0.01; ***p < 0.001.
and splenocytes yielded identical results. Thus, we can conclude

that mature lymphocytes, probably B cells, are sufficient to

induce expansion of preFDC and differentiation into FDC.
To confirm these findings in normal splenic ontogeny, we

assessed postnatal (P) development in WT mice. At day P0

and P1 no splenicMfge8+ cells were identified (data not shown).
Cell 150, 194–206, July 6, 2012 ª2012 Elsevier Inc. 197
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Figure 3. Mfge8 Expression Is Driven by

LTbR Activation, and Depends on LTi Cells

(A and B) Lta and TnfamRNA expression in mMTD,

Rag1�/�, Rag2�/�gc�/�, and Tnfa�/�, or Lta�/�

spleens compared to WT by qPCR (n = 3 3 3).

Rag2�/�gc�/� had significantly reduced levels of

Lta compared to Rag1�/�.
(C) Induction ofMfge8 expression inRag2�/�gc�/�

mice after treatment with agonistic anti-LTbR

antibody compared to isotype control (n = 3 3 3).

(D) Mfge8 expression in Rag1�/� spleens upon

treatment with anti-NK1.1 or isotype-controlled

antibody (n = (3–5) 3 3), is not significantly

changed in NK-depleted spleens. ISH for Mfge8

on consecutive splenic sections of Rag1�/� mice

treated with anti-NK1.1 antibody or isotype

control. Arrows point toMfge8+ and residual white

pulp structures (HE staining) remaining present in

both treatment groups.

(E) Prevalence of B220�CD3� (pre-gated) CD4+

IL7R+ LTi cells in WT, Rag1�/� and Rag2�/�gc�/�

spleens (FACS; n = 3). Rag2�/�gc�/� showed

significantly fewer LTi cells than Rag1�/�.
(F) Relative expression of Cd30l in WT, Rag1�/�,
and Rag2�/�gc�/� spleens (n = (2–3) 3 3).

Compared to Rag1�/� Cd30l is significantly

reduced in Rag2�/�gc�/� spleens.

(G)Mfge8 ISH on Rorc(gt)�/� spleens reveals FDC

clusters and normal preFDC.

(H) Significant reduction of Mfge8 in Rag1�/�

Rorc(gt)�/� compared to Rag1�/� spleens by

quantitative PCR (n = 4 3 3). HE staining and ISH

forMfge8 on Rag1�/�Rorc(gt)�/� splenic sections.

See also Figure S3.
By P2, along with an influx of B and T lymphocytes, low Mfge8

expression was detectable in situ and Mfge8+ cells enclosed

vascular structures (Figure S4A; Balogh et al., 2001). CD21/35

expression remained low during early postnatal stages, reflect-

ing the influx of immature CD21/35low B cells (Loder et al.,

1999). Stronger expression of Mfge8 and CD21/35 was found

at P10, when defined white pulp areas had been established

(Figure S4B). Typical CD21/35+ FDC networks as well as segre-

gated B cell follicles and T cell zones were observed by P14

(Figure S4C).

These observations suggested a vessel-associated origin of

FDC. Maintenance of blood vessels depends on mural cells

residing in the outer vessel wall (Adams and Alitalo, 2007), which

consist of pericytes directly contacting the vascular endothelium
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and vascular smoothmuscle cells (vSMC)

surrounding vessels. Although pericytes

and vSMC differ in their morphological

appearance and localization, they share

the expression of platelet-derived growth

factor receptor beta (PDGFRb) and chon-

droitin sulfate proteoglycan 4 (NG2),

vSMC furthermore express SMA (Adams

and Alitalo, 2007; Armulik et al., 2011;

Gaengel et al., 2009). Mfge8 is present

on retinal pericytes, and appears to posi-
tively regulate PDGFRb signaling (Motegi et al., 2011a, 2011b).

Furthermore, T zone reticular cells (TRC) wrap blood vessels in

a pericyte-like fashion in spleen and lymph nodes (Gretz et al.,

1997; Link et al., 2007).

To test whether the earliest Mfge8+ cells might be mural, we

stained consecutive sections of Rag2�/�gc�/� spleens with

PDGFRb or hybridized them with the Mfge8 riboprobe. Indeed,

Mfge8+ clusters colocalized with a fraction of the vascular

PDGFRb+ cells, suggesting that some mural cells had acquired

FDC-like characteristics (Figure S4H). We then performed

co-IF stains of mural cell markers with Mfge8 protein on WT

splenic sections. Whereas mature FDC did not express any of

these markers, preFDC of the MS colocalized with PDGFRb,

and SMA staining, but not NG2 (Figures 4B, S4D, and S4E)



and were positioned along IB4+ MS vascular endothelium

(Figure S4F).

We then asked whether mature FDC express low levels of

PDGFRb undetectable by IF. By flow cytometry, FDC are mostly

restricted to a stromal (CD45�) CD31�GP38� cell population

(Link et al., 2007). To positively identify functional FDC within

the latter population, we used in vivo trapping of intravenously

administered phycoerythrin immune complexes (IC-PE; Fig-

ure S4G; Phan et al., 2007). We found no expression of PDGFRb

on stromal IC-PE+ cells within the CD31�GP38� fraction (Figures

4C and S4I). However, PDGFRb was present on cells within the

TRC (CD31�GP38+) population (Figures 4C and S4I) (Link et al.,

2007). Hence mature FDC do not express PDGFRb.

If FDC derive from perivascular cells, they may transiently

express mural markers during histogenesis. We therefore

analyzed Pdgfrb-expressing cells in spleens of Pdgfrb-Cre+

mice crossed to aCre-inducible fluorescent reporter (CAG-tdTo-

mato [Ai14]; Madisen et al., 2010) or to a lacZ reporter (R26R)

(Foo et al., 2006). tdTomato and LacZ were primarily observed

in highly vascularized areas of the spleen (red pulp, marginal

sinus, and central arteriole) (Figures 4D and S4K). Crucially,

both reporter genes were present within the white pulp, particu-

larly in areas containing mature FDC. Confocal imaging showed

cellular colocalization of tdTomato and Mfge8+ FDC (Figure 4, >

80% of Mfge8+ FDC were tdTomato+). No tdTomato signal or

LacZ staining was seen in Pdgfrb-Cre� littermates (Figures S4J

and S4K).

We then conditionally ablated the mural cell lineage from

mature spleens. For this purpose we interbred Pdgfrb-Cre

mice with iDTR mice carrying a diphtheria toxin (DT) receptor

gene preceded by a loxP-flanked stop cassette (Buch et al.,

2005). Cre expression allows selective depletion of DTR-ex-

pressing cells upon DT treatment. Indeed, FDC networks were

massively reduced after ablation of PDGFRb-derived cells by

a 3-day drug treatment (Figure 5A, second row). The depletion

had dire consequences on the overall organization of the B cell

follicles as well: only remnants could be observed after DT treat-

ment. GP38+ follicular reticular cells were also affected, though

to a lesser degree (Figure S5B). Pdgfrb-Cre+iDTR+ mice that

had not been exposed to DT, and DT-treated Cre�iDTR+ litter-

mates,maintained anormal splenicmicroarchitecture (Figure 5A,

top row).

FDC Precursors Are of Stromal Origin, Sessile,
and Not Restricted to Lymphoid Organs
If FDC originate from ubiquitous PDGFRb+ perivascular cells,

local precursors from any vascularized organ should be able to

differentiate into FDC. We investigated this question by studying

ectopic TLT at sites normally devoid of FDC (liver, kidney, and

white adipose tissue).

Activation of LTbR is the main driver of FDC differentiation. To

stimulate maturation of precursors in nonlymphoid organs, we

subjected WT mice to a treatment with agonistic anti-LTbR anti-

bodies and compared the relative expression of Mfge8, Cxcl13,

Vcam1, Icam1, Madcam1, and Pdgfrb to isotype-treated mice

(Figure 5B). In agonist-treated livers, Mfge8, Cxcl13, Vcam1,

and Icam1 were upregulated, whereas Pdgfrb was reduced.

Madcam1 remained below the detection limit in either treatment
group. In kidneys and fat tissue Mfge8, Cxcl13, Vcam1, Icam1,

and Madcam1 were also found to be upregulated.

We then directly tested the hypothesis that FDC precursors

exist in nonlymphoid organs. Kidneys of RIP-Lta transgenic

mice develop follicular nephritis due to renal LT overexpression

(Picarella et al., 1992). We transiently depleted RIP-Lta mice of

FDC by administration of LTbR-Ig or isotype control (n = 4–5

for each group). Mice were then lethally irradiated to deplete

any kidney-resident hematopoietic cells; one kidney from each

mouse was analyzed histologically to confirm FDC depletion,

and the second kidney was transplanted into prion protein defi-

cient mice (Prnp�/�) (Büeler et al., 1992; Tian et al., 2010) (Fig-

ure S5D). The reappearance of FDC in transplanted kidneys

was studied using PrP, which is highly expressed by FDC, as

a histogenetic marker of donor-derived cells. LTbR-Ig treatment

eliminated FDC-M1+CD21/35+PrP+ FDC before transplantation,

and lymphocytic infiltrates were strongly reduced in number and

size (Figure S5C and data not shown). As a further control, we

transplanted kidneys from WT mice that had been treated with

LTbR-Ig or the isotype control. No TLT or other pathologic alter-

ations were found by histology in theseWT kidneys before trans-

plantation (data not shown). At 12 weeks posttransplantation,

kidneys were analyzed for the presence of FDC and TLT (Figures

5C and S5D). Transplanted RIP-Lta kidneys had regained FDC

networks that were mostly Mfge8+PrP+. Some Mfge8+ cells

were found to be PrP�, but costaining for CD68 identified them

as recipient-derived macrophages (Kranich et al., 2008). There-

fore autochthonous FDCprecursors exist in nonlymphoid organs

such as the kidney.

These and previous results suggest that the FDC precursor is

a PDGFRb+ cell present in the vasculature of lymphoid and non-

lymphoid tissues. We tested this prediction by analyzing

PDGFRb+ cells from the white adipose tissue (WAT) of the peri-

gonadal fat pad, whose vascular components can be easily iso-

lated (Tang et al., 2008). Whereas the mesenteric fat and the

milky spots can contain lymphocytic clusters (Moro et al.,

2010), we did not detect lymphocytes in the perigonadal fat

pad (Figure S6A). In particular, flow cytometry showed that

CD23highCD21/35low follicular B cells, which are essential for

FDCmaturation, were absent (Figure S6B), whereasmost hema-

topoietic cells were macrophages (CD45+CD11b+, Figure S6C).

We next dissected stromal-vascular (SV) compartment of peri-

gonadal fat and sorted PDGFRb+ cells by FACS (Figure S6D;

purity in this and subsequent sorts: 94%–98.9%). We confirmed

the identity of the isolated cells with qPCR (Pdgfrb and Ng2, Fig-

ure 6A) and excluded relevant levels of contamination with fat

(Perilipin, Plin1) or hematopoietic cells (Cd45) (Figures S6E

and S6F). The expression of FDC-characteristic mRNA was

assessed in isolated PDGFRb+ cells and compared to that of

spleens (Figure 6A). Some transcripts were reduced (Mfge8

[37%], Cxcl13 [21%], Vcam1 [64%], Igfbp3 [96%]), whereas

others were highly abundant (Icam1 [235%], Enpp2 [240%],

Periostin [120-fold] [Postn], and stromal cell-derived factor 1

[254%] Sdf1). In contrast, Clusterin (4%), Madcam1 (2%), Bp-3

(0.3%), Cd21 (0.6%), and Fcgr2b (0.6%) were downregulated.

Thus isolated perivascular PDGFRb+ cells were phenotypically

similar to preFDC; the low abundance of Cd21 and Fcgr2b tran-

scripts suggests that these are mainly involved in later stages of
Cell 150, 194–206, July 6, 2012 ª2012 Elsevier Inc. 199
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Figure 4. Perivascular Induction of FDC Development

(A)Rag2�/�gc�/�micewere reconstitutedwithMfge8�/�BMandanalyzed at 3–13days (d3–13) after transfer.Mfge8 ISHonunreconstitutedRag2�/�gc�/� spleen

(left), d3 (upper row), and d13 (lower row) postreconstitution. Consecutive sections stained for B cells (CD21/35 and B220) and T cells (CD3). Arrows:Mfge8+ cells.

(B) Co-IF of PDGFRb and Mfge8 on preFDC, but not on mature FDC of WT spleens.

(C) Flow cytometric analysis for PDGFRb on stromal cells isolated from the inguinal lymph nodes (LN) of mice that had received IC-PE. Within the stromal fraction

(CD45�, upper row left) PDGFRb expression was restricted to the IC-PE negative fraction (upper row right). Expression of PDGFRb was then determined within

the four stromal (CD45�) subpopulations by staining with CD31 and GP38 (lower row left). T zone reticular cells (TRC, CD31�GP38+), lymphatic endothelial cells

(LEC, CD31+GP38+), blood endothelial cells (BEC, CD31+GP38�), double-negative (DN) cells (CD31�GP38�) cells containing FDC (DN IC-PE+). Only TRC

showed increased expression of PDGFRb (unshaded) over isotype control stained sample (shaded).

200 Cell 150, 194–206, July 6, 2012 ª2012 Elsevier Inc.



Mfge8 PrP

CD68 CD68 + Mfge8

PrP  + Mfge8

* *

Mfge8

*

*

B

Mfge8 Cxcl13 Vcam1 Icam1 Madcam1 Pdgfrb

n.s.***

***

***
**

**

**
**

**

*

*

*
n.s.

n.s.

n.d.
n.s. n.s.

re
la

ti
ve

 e
xp

re
ss

io
n

 
(lo

g
10

)

100

10

1

0.1

liver
kidney
fat

***

n.s.

H&E FDC-M1CD21/35A

Pd
g

fr
b

-C
re

+
iD

TR
+

+DT

-DT

C

*
*

Figure 5. FDC Are Derived from PDGFRb+

Precursors and Are Present in Nonlymphoid

Organs

(A) Targeted ablation of Pdgfrb-expressing cells.

Pdgfrb-Cre+iDTR+ mice were treated for 3d with

DT (lower row) and compared to PBS-treated

littermates (upper row). Consecutive splenic

sections were stained with H&E, CD21/35, and

FDC-M1. FDC-M1 staining is absent and CD21/35

positivity drastically reduced in the vestigial

follicular structures of DT-treated mice.

(B) WT mice were treated for 24 hr with agonistic

anti-LTbR i.v. (liver; n = 5 3 3) or i.p. (kidney and

fat; n = 4 3 3) and the relative expression of FDC-

related transcripts was analyzed by qPCR in

agonist-treated versus isotype-treated mice. Error

bar, SEM.

(C) RIP-Lta kidneys were depleted of FDC using

LTbR-Ig before transplantation into Prnp�/� mice

(n = 4). Twelve weeks after transplantation, IF

analysis was performed on kidney cryosections.

Mfge8 (green or magenta) detects FDC networks

and tingible body macrophages, PrP (red) stains

donor-derived FDC networks and CD68 (cyan)

detects tingible body macrophages. Most Mfge8+

cells are PrP+. Arrowhead: Mfge8+/PrP�CD68+

cell reflecting Prnp�/� derived tingible body

macrophages. For better visualization a violet

pseudocolor was used in the overlay of CD68+ and

Mfge8+ cells (middle lower panel).

See also Figure S5.
FDC development, in agreement with our in vivo observations

(Figures 1C, 2D, and S1C).

Differentiation of FDC requires activation of TNFR1 and LTbR;

both were highly expressed in isolated fat PDGFRb+ SV cells

(Figure 6A). We then cultured these cells for 24 hr in the presence

of agonistic anti-LTbR antibody and TNF, and analyzed the

induction of FDC markers by qPCR (Figure 6B; Katakai et al.,

2008). We found upregulation of Vcam1, Icam1, Madcam1,

and Enpp2 over isotype-treated cells, concomitant with loss of
(D) IF staining for Mfge8+ FDC on splenic section from Pdgfrb-Cre+ Ai14+ mice showing strong expression o

components (left, scale bar 20 mm). Highermagnification (indicated by box) on the FDC area (middle (from left t

showing expression of reporter on FDC cell body and dendrites (higher magnification).

See also Figure S4.

Cell 150, 194
Pdgfrb expression. Mfge8 and Igfbp3

were not significantly changed (Fig-

ure 6B). We did not detect Cd21 and

Fcgr2b, possibly because the in vitro

conditions did not supply all signals

needed for terminal FDC differentiation.

We then sorted PDGFRb+ cells also

from Rag2�/�gc�/� perigonadal WAT,

and determined FDC-related transcripts

(Figure S6G). Mfge8 (113%), Cd21

(82%), and Tnfr1 (87%) were expressed

at similar levels as in WT PDGFRb+ cells;

Icam1 (77%) and Vcam1 (47%) were

reduced, whereas Pdgfrb (160%) and
Ltbr (146%) were slightly upregulated. Thus WT PDGFRb+ cells

did not show a more mature differentiation pattern for FDC.

Because Rag2�/�gc�/� mice do not contain mature FDC, this

finding provides further evidence that perigonadal fat does not

contain FDC (Figures S6A–S6C).

To test whether fat PDGFRb+ SV cells were indeed precursors

of mature FDC, purified cells were absorbed into a collagen

sponge and transplanted into the renal subcapsular space of

FDC-deficient hosts (Ltbr�/�). Mice were immunized and
f the reporter protein tdTomato within the vascular

o right: Mfge8, tdTomato, overlay, scale bar 20 mm),

–206, July 6, 2012 ª2012 Elsevier Inc. 201
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Figure 6. PDGFRb+ Cells Are FDC Precur-

sors

(A) FDC markers (black), FDC receptors (green),

and mural cell marker (blue) were assessed by

qPCR in PDGFRb+ cells FACS-sorted from peri-

gonadal WAT. Measurements are presented in

a log2 scale (blue, downregulated; red, upregu-

lated; white, no change in expression). Columns

indicate individual samples. Each data point

reflects the median expression of a particular gene

normalized to its mean expression in WT spleens

(n = 3).

(B) PDGFRb+ cells were FACS-sorted from peri-

gonadal WAT and stimulated for 24 hr with

agonistic anti-LTbR antibody and TNF (n = 3 3 3).

RT-PCRwas performed forMfge8, Icam1, Vcam1,

Madcam1, Enpp2, Igfbp3, and Pdgfrb. Fig-

ure shows relative expression compared to iso-

type-treated PDGFRb+ cells. Error bar, SEM.

(C–F) Renal subcapsular transplantation of

PDGFRb+ cells. Isolated cells were absorbed into

a collagen sponge and transplanted into Ltbr�/�

recipients (n = 4). Mice were immunized and

boosted i.v. and analyzed 4 weeks after the

transplantation (C, arrow points to the transplant).

(D) Section through the transplanted collagen

sponge and kidney stained with H&E. Arrows point

to lymphocytic infiltrates within the sponge.

Dashed line marks the border between transplant

and kidney. Transplanted PDGFRb sponge

contains FDC (Mfge8 and CD35) and B cells

(B220) (E) and FDC (Mfge8 and PrP) and tingible

body macrophages (TBM, Mfge8, and CD68

arrowheads) (F) as determined by Co-IF.

See also Figure S6.
boosted intravenously to stimulate the differentiation of FDC.

Four weeks after surgery, transplants exhibited lymphocytic

foci (Figures 6C and 6D) containing B220+CD21/35+ B and

CD3+ T lymphocytes as well as putative CD21/35+ and FDC-

M1+ FDC (Figure S6H, and data not shown). Co-IF identified

B220+ B cell lymphoid follicles with CD35+Mfge8+ FDC networks

(Figure 6E). Mfge8+ FDC also expressed FcgRIIb (Supp. 6I) and

PrP (Figure 6F), and CD68+Mfge8+ tingible body macrophages

were detected within the lymphoid aggregates typical of active

GC (Figure 6F). Aggregate formation appeared to be modulated

by the immune status of recipient mice (Table S1), with positive

sponges typically harboring R10 conspicuous lymphoid foci;

sponges containing no PDGFRb cells never developed such

aggregates or FDC (Figure S6J). To deploy an additional genetic

marker distinguishing between donor and host cells, we also

transplanted PDGFRb+ cells into Cd21/35�/� hosts and injected

IC-PE to test the functionality of generated FDC. Again, we had

generated host-derived CD21/35+ FDC clusters capable of

capturing IC in vivo (Figure S6K and Table S1).
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DISCUSSION

FDC can arise almost anywhere during

chronic inflammations triggered, for

example, by viral infections and autoim-

munity. This implies that the putative
FDC precursor cell may be either ubiquitous and sessile (Bofill

et al., 2000; Lee andChoe, 2003), or it may possess considerable

motility (Kapasi et al., 1998). We report that (1) the earliest

expression of FDC markers in spleens occurs perivascularly;

(2) mature FDC derive from progenitors transcribing Pdgfrb,

a gene associated withmural cells; (3) mature FDC can be condi-

tionally ablated in vivo by removing PDGFRb+-derived cells; (4)

precursors of FDC are present in nonlymphoid organs; (5) iso-

lated PDGFRb+ cells from nonlymphoid vascular stroma express

FDC-associated genes; and (6) isolated PDGFRb+ vascular cells

differentiate into FDC-like cells in the presence of factors crucial

for FDC differentiation andmaintenance in vitro and develop into

mature B cell-recruiting and IC-trapping FDC in vivo. We there-

fore posit that FDC are derived from mural cells expressing

Pdgfrb and Mfge8.

These findings suggest a hierarchy of discrete steps in FDC

development (Figure 7). The earliest PDGFRb+ cells expressing

Mfge8/Cxcl13 are found at perivascular sites in mice lacking all

white pulp structures (Rag2�/�gc�/�) as well as in developing
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Figure 7. Model of FDC Maturation

In the spleen, a subpopulation of vascular/peri-

vascular PDGFRb+ cells progress to the preFDC

stage expressing FDC markers. Signals inducing

the upregulation of these markers remain to be

defined. In response to LTbR activation and

probably other signals provided by LTi cells, peri-

vascular cells expand, populate the early white

pulp structures and the marginal sinus. Marginal

sinus preFDC have reduced levels of mural cell

markers and upregulate the FDC markers Clus-

terin and BP-3. In presence of B cells and through

activation of TNFR1 signaling, preFDC further

mature into functional FDC, acquiring the ability to

trap antibody and immune complexes via the

expression of CD21/35 and FcgRIIb. Perivascular

preFDC: expression of markers was determined

in situ by RNA hybridization (Mfge8 and Cxcl13),

immunohistochemistry (IHC) and IF or by relative

RNA expression levels in isolated adipose

PDGFRb+ cells and in spleens from Rag2�/�gc�/�

and LT-deficient mice compared to wild-type (WT)

spleen levels. (�) Expression is not detectable or

below 0.6% of WT spleen; (+/�) expression 1%–

4% of WT spleen; (+) 20%–100% of WT spleen;

(++) 100%–250% of WT spleen; (+++) more than

500% ofWT spleen. Marginal sinus and white pulp

preFDC: (+) and (�) according to IF and ISH stains

in WT, Rag1�/�, and TNF-deficient mice or by

relative RNA expression determined in Rag1�/�,
mMTD, and TNF-deficient mice. (+/�) very low

expression detected by IF; n.d., not determined.

Mature FDC: marker expression according to

quantitative expression data, ISH and IF per-

formed on spleens fromWTmice and according to

previous reports.
neonatal spleens. These cells appear to represent FDC precur-

sors, and we therefore termed them ‘‘preFDC.’’ Much evidence

suggests that preFDC are the immediate precursors to mature

FDC: they expressmany typical FDCmarkers, are radioresistant,

and behave as stromal residents in bone marrow transfer exper-

iments. Conversely, preFDC are not ultrastructurally recogniz-

able as FDC, do not express complement receptors, and only

minute amounts of Fcg receptors. Hence they are less special-

ized than mature FDC. Finally, preFDC express chemokines

and adhesion molecules, suggesting relevance in the splenic

microarchitecture.

In Rag2�/�gc�/� mice only few preFDC showed enhanced

Mfge8 and Cxcl13 expression, suggesting that local stimuli

trigger a phenotypic switch in select cells. Rag2�/�gc�/� mice

contain functionally handicapped LTi cells located in perivascu-

lar areas; hence signals transmitted by residual LTi at vascular

hotspots may suffice for PDGFRb+ mural cells to differentiate.

Although LTbR signaling is necessary for SLO development,

early Mfge8 expression was LTbR-independent, suggesting

the existence of additional LTi-dependent clues at this step of

FDC ontogenesis. FDC precursors were postulated in the

marginal sinus of TNFR1�/� and SCID mice (Pasparakis et al.,

2000; Wilke et al., 2010) and final FDC maturation requires not

only LTi cells but also B cells (Fu et al., 1998; Tumanov et al.,

2004). Thus, even though LTi cells share with B cells the expres-
sion of most TNF ligands, such as LTab and TNF (Kim et al.,

2006), the factors provided by LTi cells are insufficient for

terminal FDC differentiation. Perhaps the signals supplied by

LTi are quantitatively insufficient, or B cells deliver additional

factors crucial for conversion of marginal sinus preFDC into

mature FDC (Tumanov et al., 2004).

The above mechanisms may also apply to the generation of

ectopic follicles, withmural cells generating FDC at any vascular-

ized site. Innate immune reactions by local cells may induce

inflammation at the endothelium allowing extravasation of

lymphocytes, which, in turn, provide LTab and lead to the upre-

gulation of Mfge8/CXCL13 on perivascular cells (Aloisi and

Pujol-Borrell, 2006; Ludewig et al., 1998; Mebius, 2003). The

latter may differentiate into FDC and provide the scaffold for

developing follicular structures. Lymphocyte recruitment by

transplanted stromal-vascular PDGFRb+ cells may be analogous

to the generation of TLT, with donor-derived LTbR+ FDC precur-

sors cooperating with recipient-derived LTab+ hematopoietic

cells.

The finding that perivascular PDGFRb+ cells in nonlymphoid

organs have FDC-like properties, and become mature FDC

in vivo when exposed to the appropriate environment, implies

that FDC generated de novo in tertiary lymphoid organs have

arisen from these progenitor cells. The precise definition of the

steps by which PDGFRb+ preFDC differentiate into FDC may
Cell 150, 194–206, July 6, 2012 ª2012 Elsevier Inc. 203



help understanding the pathogenesis of autoimmune and non-

autoimmune chronic inflammations, the generation of nonlym-

phoid-organ-associated FDC sarcomas or infectious diseases

such as AIDS and prion diseases.

EXPERIMENTAL PROCEDURES

Mice

Mice used are listed in the Extended Experimental Procedures. Animals were

maintained under specific pathogen-free conditions. All experiments were in

accordance with Swiss federal legislation and had been approved by the

Cantonal Veterinary Authority of the Canton of Zurich.

Kidney Transplantation

RIP-Lta and WT mice were treated with 100 mg LTbR-Ig or isotype human-IgG

weekly for 8 weeks, irradiated and isolated kidneys transplanted into Prnp�/�

recipients (see Extended Experimental Procedures). Mice were sacrificed

12 weeks posttransplantation.

Bone Marrow Reconstitutions

For reconstitution of 6- to 8-week-old Rag2�/�gc�/� mice received 2x107

donor bone marrow (BM) cells intravenously (i.v.) without previous irradiation,

mice were sacrificed and organs taken at indicated time points.

Antibody Treatment

To block LTbR signaling mice (8–12 weeks) were treated with 100 mg mlTbR-

mIgG1 (Biogen) or isotype control (MOPC 21, Biogen) i.p. weekly for 4 weeks.

For agonistic LTbR treatment 50 mg of anti-LTbR antibody (AC.H6, Biogen) or

hamster IgG (Ha4/8-3.1, Biogen) were injected i.v. and mice sacrificed after

24 hr. Depletion of NK cells was performed using 100 mg anti-mouse NK1.1

(PK126, BD biosciences) or mouse IgG2a,k (G155–178, BD biosciences) as

isotype control injected i.v. weekly for 3 weeks.

In Vivo Immune Complex Trapping

Adapted from (Phan et al., 2007): 2 mg anti-phycoerythrin (PE) antibodies

(Rocklands) were applied intraperitoneally (i.p.). Twelve hours later, mice

were injected with PE (Invitrogen), 20 mg of i.p to target kidneys or subcutane-

ously (s.c.) into the flank with 10 mg to target inguinal lymph nodes and sacri-

ficed 3–4 days later.

Depletion of Pdgfrb-Expressing Cells by Diphtheria Toxin Treatment

Eight- to 12-week-old PDGFRb-Cre+ iDTR+, PDGFRb-Cre�, iDTR+ male mice

were treated for 3 days with 200 ng/day DT (Sigma) in PBS or PBS control i.p.

Immunohistochemical and Immunofluorescent Analysis

Cryosections were stained with hematoxylin/eosin (H&E) or primary antibodies

and detection was performed using respective AP-coupled secondary and

tertiary antibodies, Fast Red staining kit (Sigma) or on the Leica Bond-III IHC

stainer. Tissues of mice expressing fluorescent protein reporters were pre-

treated before IF staining (Madisen et al., 2010). For IF splenic cryosections

were stained (antibodies in Supplemental Information) and analyzed by fluo-

rescencemicroscopy (BX61, Olympus) or CLSM Leica SP5, image processing

software: Photoshop and Imaris - Multicolor and 4D Image Processing and

Analysis (Bitplane).

b-Galactosidase Histochemistry

See also Extended Experimental Procedures. Sections were stained in

FeKCN(II)/(III) solution containing X-Gal (Promega).

In Situ RNA Hybridization

See also Extended Experimental Procedures. Sections were incubated

with DIG-labeled RNA probe in hybridization buffer. For detection an alka-

line-phosphatase conjugated anti-DIG-antibody was used (Roche). For

stainings with isolectin B4 (IB4), sections were incubated with biotinylated

IB4 (Griffonia simplicifolia, Invitrogen) and avidin-FITC (BD biosciences) after

the hybridization.
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Isolation of Perigonadal White Adipose Stromal-Vascular Cell

Fraction

Isolation of perivascular stromal cells was done as previously described (Tang

et al., 2008). Briefly, perigonadal white adipose depots were minced into

pieces and tissue digested in stromal cell isolation buffer (DMEM containing

2% fetal calf serum [FCS]) containing 1 mg/ml collagenase D (Roche) at

37�C. The suspension was passed through a 210 mm nylon and the adipocyte

layer removed by aspiration and sorted by FACS (see FACS) to obtain a pure

population of PDGFRb+ SV cells.

Isolation of Stromal Cells from Inguinal Lymph Nodes

Protocol adapted from (Link et al., 2007), mice with or without previous in vivo

IC trapping were used. Details in Extended Experimental Procedures. LN were

digested using collagenase IV, DNase I, and collagenase D. Cells were filtered

through a 40 mm cell strainer and blocked 2% FCS, 2% mouse serum

and anti-CD16/32 antibody (2.4G2), stained and subjected to FACS analysis

(see FACS).

FACS

Single cell suspensions were made in PBS buffer containing 2% FCS, red

blood cells lysis was performed in lysis buffer (eBioscience), cells were

filtered through a 40 mm cell strainer. Fc-receptors were blocked with anti-

CD16/32 antibody (2.4G2) and subsequently stained with antibodies (list in

Extended Experimental Procedures). Cells were sorted by FACS Aria or

analyzed by FACSCalibur or FACS Canto II flow cytometer (BD biosciences)

and FlowJo software (Tree Star, Inc., USA).

PDGFRb+ SV cell culture

PDGFRb+ positively sorted adipose SV cells were maintained in DMEM

(Invitrogen) with 10% FCS, 100 units/ml penicillin, and 100 mg/ml strepto-

mycin. Cells were cultured for 24 hr with 100 ng/ml agonistic LTbR (AC.H6,

Biogen) or hamster IgG (Ha4/8-3.1, Biogen) and 5 ng/ml mTNF (R&D Systems)

and RNA was isolated by Trizol extraction.

Subcapsular Renal Transplantation of PDGFRb2+ Stromal-Vascular

Cells

Three hundred thousand to 500,000 FACS-sorted PDGFRb+ cells were ab-

sorbed into a collagen sponge (CS-35; KOKEN) of approximately 1 mm3 size

(Suematsu andWatanabe, 2004). The sponge was transplanted subcapsularly

into the kidney. Mice were immunized 1 week after surgery with 2 x 108 sheep

red blood cells (sRBC, ACILA AG), boosted after 15 days with 1 3 108 sRBC,

and sacrificed 5 days later.

Quantitative RT-PCR

Total RNA from cells or livers, spleens, kidneys, fat or PDGFRb+ SV cells were

isolated using Trizol (Invitrogen) and chloroform extraction. One microgram of

RNAwas used to generate cDNA using a QuantiTect Reverse Transcription Kit

(QIAGEN). Quantitative real-time PCR was performed using SYBR Green PCR

Master Mix (QIAGEN AG, Switzerland) on a 7900HT Fast Real-Time PCR

System (Applied Biosystems) using default cycling conditions. Expression

levels were normalized using Gapdh. Primer sequences are listed in Extended

Experimental Procedures.

SUPPLEMENTAL INFORMATION

Supplemental Information includes Extended Experimental Procedures, six

figures, and one table and can be found with this article online at http://dx.

doi.org/10.1016/j.cell.2012.05.032.
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