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SUMMARY

Stromal-derived follicular dendritic cells (FDCs) are a
major reservoir for antigen that are essential for
formation of germinal centers, the site where
memory and effector B cells differentiate. A long-
standing question is how FDCs retain antigen in its
native form for extended periods and how they
display it to specific B cells. Here we found that
FDCs acquired complement-coated immune com-
plexes (ICs) from noncognate B cells via complement
receptors 1 and 2 (CD35 and CD21, respectively) and
rapidly internalized them by an actin-dependent
pathway. ICs were retained intact within a nondegra-
dative cycling compartment and were displayed
periodically on the cell surface where they were
accessible to antigen-specific B cells. This would
explain how antigens are protected from damage
and retained over long periods of time, while remain-
ing accessible for B cells.

INTRODUCTION

Follicular dendritic cells (FDCs) are centrally located within B cell

follicles of secondary lymphoid tissues, including the spleen and

lymph nodes (LNs), where they are the major source of B cell

attractant (CXCL-13) (Cyster et al., 2000; Tew et al., 1990).

They are also a source of survival factors such as B cell activating

factor (BAFF) and cytokines such as IL-6 and IL-10 thatmodulate

the differentiation of B cells and T follicular helper cells within an

active germinal center (GC) (Garin et al., 2010; Wu et al., 2009).

FDCs are stromal derived and are identified by their extensive

dendritic morphology and cell surface markers such as CD21,

CD35, FDC-M1 (Mfge8), FDC M2 (complement C4), BP-3, com-

plement C3, and FcgR (Kinoshita et al., 1991; Kranich et al.,

2008; Taylor et al., 2002; Roozendaal and Carroll, 2007; Qin
1164 Immunity 38, 1164–1175, June 27, 2013 ª2013 Elsevier Inc.
et al., 2000). In a recent elegant study, Aguzzi and colleagues

identified the source of FDCs as platelet-derived growth factor

receptor beta-positive perivascular cells that are located

throughout the host and this would explain their capacity to

develop at ectopic sites (Krautler et al., 2012). B cell surface

lymphotoxin a and b and TNFa signal FDC precursors to develop

into mature FDCs (Alimzhanov et al., 1997; Endres et al., 1999;

Fu et al., 1997; Pasparakis et al., 1996; Gonzalez et al., 1998).

More than 40 years ago, FDCs were recognized to retain

antigen within B cell follicles for extensive periods where it is

required for maintenance of GCs (Hanna and Szakal, 1968;

Nossal et al., 1968; Mandel et al., 1980). Within GCs, activated

B cells that undergo somatic hypermutation and class switch

recombination require antigen for survival signals, to enhance

affinity maturation, and for the formation of memory and effector

B cells (Kelsoe, 1996; MacLennan, 1994). Although affinity

maturation can occur in the absence of GCs in lymphotoxin-

deficient mice, elimination of FDCs by ablation or blockade of

lymphotoxin signaling, antigen, or complement receptor CD21

and CD35 results in a rapid elimination of GCs (Fischer et al.,

1998; Matsumoto et al., 1996; Wang et al., 2011; Gommerman

et al., 2002). In mice, complement receptor 1 (CD35) and com-

plement receptor 2 (CD21) are both encoded by the Cr2 locus;

because both are coexpressed on FDCs and B cells, CD21

and CD35 was referred to as Cr2.

Antigen acquisition from FDCs in vivo by cognate B cells was

recently visualized by multiphoton intravital imaging (Suzuki

et al., 2009). How antigens are retained in a native state and

made readily accessible to cognate B cells over long periods

has remained an enigma. Based on electronmicroscopy studies,

it was proposed that immune complex (IC) is retained on the

surface of FDCs in two forms: filiform and beaded structures

termed immune complex bodies or ICCOSOMES. Early in a

GC response, it is held that the latter are released and taken up

by B cells for presentation to T cells but this model doesn’t

explain how antigens are sequestered by FDCswithout degrada-

tion (Burton et al., 1991; Kosco et al., 1988; Szakal et al., 1988).

Recent studies have identified a novel pathway by which

LN-resident subcapsular sinus macrophages (SSMs) capture
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lymph-borne ICs and shuttle them to noncognate B cells in the

underlying follicles (Phan et al., 2007, 2009). Both the initial

capture of ICs from the lymph by SSMs and the uptake by

noncognate B cells is dependent on complement receptors

(Cr), i.e., CD11b (Cr3) and CD21 (Cr2), respectively. For example,

by using bone marrow chimeras in which WT mice are reconsti-

tuted with Cr2-deficient bone marrow, Phan et al. show that

substantially fewer ICs are taken up by the Cr2-deficient B cells

relative to control WT chimeras and overall deposition of ICs on

FDCs is reduced in the Cr2-deficient chimeras (Phan et al., 2007,

2009). Therefore, although other pathways such as conduits are

capable of delivering antigen to FDCs, noncognate B cells

represent one major pathway (Bajénoff and Germain, 2009;

Roozendaal et al., 2009).

To study the cell biology of antigen acquisition and retention in

living cells, we used a combination of flow cytometry and in vivo

and ex vivo imaging of FDCs.Withmultiphoton intravital imaging,

direct transfer of complement-coated ICs from noncognate B

cells to FDCs was observed. Unexpectedly, we found that

FDCs rapidly internalize intact ICs into a nondegradative, cycling

compartment. Notably, internalized ICs undergo several rounds

of surface recycling. The cycling of ICs bound to FDC comple-

ment receptors helps explain the directional transfer of ICs

from noncognate B cells to FDCs and it explains how ICs are

efficiently displayed on the FDC surface for extensive periods

in order to be accessible to cognate B cells.

RESULTS

FDCs Acquire Immune Complexes from Noncognate B
Cells
In WT mice, FDCs become decorated with ICs within 8 hr after

immunization, suggesting that noncognate B cells deliver and

hand off the ICs to the FDCs. However, actual transfer of

ICs from the B cell to the FDC has not been visualized in vivo

so it is possible that an intermediate cell type is involved or

that the ICs are released and later acquired by the FDCs.

Moreover, because both the capture by B cells and transfer

to FDCs is dependent in large part on Cr2 recognition of the

complement C3d-coated ICs, this raises a question about

the directional transfer of ICs, i.e., from B cells to FDCs

(Phan et al., 2009; Roozendaal et al., 2009). Thus, how are

the ICs removed from the B cell by the FDC when IC is bound

by Cr2 on both cell types? To address this question, we first

wanted to test in vivo whether noncognate B cells directly

transfer ICs to FDCs. As a model system, mice received 5 3

106 enriched GFP+ noncognate B cells and were passively

immunized with rabbit anti-phycoerythrin. Twenty-four hours

later, anesthetized mice were injected in the footpad with

8 mg of phycoerythrin (PE) and the popliteal LN was imaged

by multiphoton intravital microscopy (MP-IVM). As reported

by Phan et al., noncognate B cells were identified bearing

clusters of immune complexes (PE-ICs) (Figure 1A; Movie S1

available online; Phan et al., 2007, 2009). Tracking of individual

donor B cells within LN follicles, we visualized direct transfer of

a cluster of PE-ICs from the B cell to the FDC (Figure 1A;

Movie S1). Thus, within minutes of contact between the B

cell and the FDC, the complexes were efficiently transferred

to the FDCs.
To examine transfer of antigen from the B cell to the FDC in

more detail, we established an ex vivomodel based on our in vivo

observation of noncognate B cell transfer of PE-ICs directly to

the FDC. Therefore, rabbit IgG anti-PE was mixed with PE anti-

gen to form PE-ICs and then fresh mouse serum was added to

the complexes to activate and bind complement C3. On culture

with noncognate B cells, the complement-coated PE-ICs formed

clusters on the B cell surface similar to those observed in vivo

(Figure S1A). Inspection of the patches of gold-labeled PE-ICs

on noncognate B cells loaded in vitro by electron microscopy

revealed that the patches consist of multiple complexes (Fig-

ure S1B). Moreover, staining of the loaded B cells with anti-PE

and analysis by flow cytometry confirmed that the majority of

the complexes were retained on the outside of the B cell (Fig-

ure S1C). Therefore, for the experiments with ex vivo cultures

of FDCs, noncognate B cells were loaded with complexes

in vitro.

To follow transfer of PE-ICs from the B cells to the FDCs in

living cells, noncognate B cells loaded with complement-coated

PE-ICs were mixed with FDCs in ex vivo cultures and analyzed

by live cell fluorescence spinning disk confocal microscopy.

FDCs were harvested according to the procedures reported by

Tew and colleagues and cultured on collagen-coated plates for

5–10 days where they regained their dendritic morphology (El

Shikh et al., 2006). Isolated cells were >90%mature FDCs based

on morphology, cell surface markers (Cr2, FDC-M1, FcgRIIb),

and binding of ICs. Real-time images demonstrate that on con-

tact between donor B cells with FDCs, the clustered PE-ICs

were rapidly transferred (Figure 1B; Movie S2). The large cluster

of PE-ICs on the B cell seemed to dissociate into much smaller

particles upon transfer to the FDCs (Figure 1B; Movie S2). In

the absence of FDCs, approximately 90% of noncognate B cells

retained PE-ICs after 4 hr of incubation, showing that transfer

from the B cells to FDCs is specific. Consistent with these obser-

vations, the frequency of PE-IC-positive B cells decreased in a

time-dependent manner when incubated with FDCs (Figure S2A)

whereas FDCs acquired PE-ICs in a reciprocal manner (Fig-

ure S2B). Efficient uptake of PE-ICs by FDCs was dependent

on their expression of Cr2 but not FcgRIIb as predicted from

results in vivo (Figure S2B; Roozendaal et al., 2009; Fang et al.,

1998). Thus, PE-IC-bearing donor B cells rapidly transfer the

complexes to FDCs in real time after cell contact and the effi-

ciency of transfer is dependent on FDC expression of Cr2.

FDCs Rapidly Internalize Immune Complexes
Antigen was tracked on and within FDCs in the ex vivo model by

means of live-cell fluorescence spinning disk confocal

microscopy. Analysis of optical sections (spaced approxi-

mately < 0.4 mm) identified PE-ICs both on the FDC surface

and distributed within the FDCs during the first 30 min after

delivery (Figure 1C; Movie S3). The relatively rapid internalization

of PE-ICs by FDCs after contact with B cells suggests a possible

mechanism to explain the unidirectional movement of com-

plexes from the FDC to the B cell. For example, a mechanism

by which Cr2 is periodically internalized could provide a one-

way transfer of complement-coated complexes from the loaded

noncognate B cell to the FDC. To test whether uptake and inter-

nalization of PE-ICs requires a dynamic actin cytoskeleton,

FDCs were pretreated for 30 min with 5 mM cytochalasin D
Immunity 38, 1164–1175, June 27, 2013 ª2013 Elsevier Inc. 1165
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Figure 1. Acquisition of ICs by FDCs

(A) Left: snap shot taken frommultiphoton-intravital imaging of the popliteal LN in a mouse passively immunized with PE antibody and adoptively transferred with

WT fluorescently labeled B cells (green). LN was imaged from 60 to 120 min after PE (red) injection into the footpad showing B cells transfer PE-ICs onto FDCs

(blue). Right: series of higher-magnification images over 5 min showing transfer of PE-ICs (red) bound to a B cell (green) to an FDC (blue) (arrowheads).

(B) Live-cell imaging of cultured FDCs labeled with lipophilic DiO dye (green) and incubated with PE-IC-bound noncognate B cells. Images were generated every

60 s. Images show transfer of C3-opsonized PE-ICs clustered on the B cell to the FDC and subsequent fragmentation on the FDC surface. Schematic repre-

sentation of transfer of PE-IC clusters from B cells onto FDCs and their fragmentation upon contact with FDCs is shown at right.

(C) Left: spinning disk confocal image of PE-ICs (red) within FDCs (green). Right: representative Z-stack series projection through 30 mm at approximate 0.4 mm

intervals identifies PE-ICs (gray and arrowheads) within FDCs (outlined).

See also Figures S1 and S2 and Movies S1, S2, and S3.
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(Cyt D), which blocks actin polymerization (Casella et al., 1981).

Treatment of cells with 5 mMCyt D for 30 min blocks cellular pro-

cesses dependent on actin polymerization such as phagocytosis

in a reversiblemanner (May et al., 1998). To confirm that 5 mMCyt

D was not toxic in our ex vivo model, FDCs were pretreated with

Cyt D prior to culture with fluorescent-labeled transferrin ligand

(Tf). Comparison of the treated with untreated FDCs demon-

strated that the actin inhibitor did not impair uptake of Tf as

expected (data not shown) (Boulant et al., 2011).

To circumvent any effects of the Cyt D on the noncognate B

cells loaded with PE-ICs, Cyt D was removed from the media

before culture for an additional 30 min with donor B cells. Subse-

quently, the FDCs were washed, fixed, and then stained with

anti-FDC-M1 and Cr2 (Figure 2A). Confocal imaging of FDCs

cultured in media without Cyt D identified significant uptake of

the PE-ICs as expected based on total mean fluorescent inten-

sity (MFI) (Figures 2B and 2C). By contrast, FDCs pretreated

with Cyt D acquired significantly less antigen from donor B cells,
1166 Immunity 38, 1164–1175, June 27, 2013 ª2013 Elsevier Inc.
i.e., mean PE intensity 528 ± 56 versus 338 ± 33 (p < 0.002) (Fig-

ures 2B and 2C). Treatment with Cyt D did not completely block

uptake, as shown by the fact that FDCs began to recover once

Cyt D was removed from the media. The reduction in PE-IC

uptake by FDCs is probably not due to effects of the Cyt D treat-

ment on Cr2 expression because the amount of cell surface Cr2

was similar on FDCs treated with either PBS or Cyt D (Figure 2D).

The results suggest a pathway by which capture of PE-ICs by

FDCs requires actin-dependent internalization of the receptor-

ligand complex that effectively removes the complex from the

B cell surface. Thus, directional transfer of immune complexes

on cell contact may be mediated by the active internalization

of the FDC Cr2 protein.

Internalized ICs Return to FDC Surface
The finding that PE-ICs are internalized upon transfer suggests

that they may be returned to the cell surface to be acquired by

cognate B cells as identified in vivo (Cyster et al., 2000; Garin



B

C

+B cells w/o PE-ICFDC: +B cells with PE-IC +Cyt D treatment
+B cells with PE-IC

PE-IC
FDC-M1
Cr2

PE-IC

FDC-M1
Cr2

A

FDC media

media

Cyt D

Fix Stain

30 min 30 minwash
B cells

B cells+PE-IC

B cells+PE-IC

PE-IC

Cyt D - +

+

-

+-

0

400

800

1200 p=0.002

p=0.02

p<0.001

M
F

I P
E

-I
C

 p
er

 c
el

l

D

Cyt D - +

ns

M
F

I C
r2

 p
er

 c
el

l

0

100

200

300

400

500

Figure 2. Antigen Uptake by FDCs Is Actin Dependent

(A) FDCswere treated with 5 mMCytochalasin D (Cyt D) or media for 30min, washed, and then incubated with C3-opsonized PE-IC-loaded noncognate B cells for

another 30 min.

(B) Representative confocal images of fixed cells show that PE-IC (red) uptake by FDCs fromB cells is diminished in Cyt D-treated FDCs. FDCs were identified by

FDC-M1 (green) and Cr2 (blue) staining.

(C) Quantification of confocal images by Volocity software showing PE mean fluorescent intensity per cell (PE intensity/number of voxels) for each group.

(D) Cr2MFI is not altered by Cyt D treatment. Cumulative data of FDC culture from threemice over two independent experiments (minimum of 15 cells per group).

Each symbol represents a single cell; horizontal bar is mean value. p values calculated by Student’s t test; ns, not significant.
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et al., 2010; Suzuki et al., 2009; Tew et al., 1990; Wang et al.,

2011). To test this possibility, two separate approaches were

used, i.e., imaging of the cell surface ICs by antibody staining

after a mild acid wash and flow cytometry to detect acquisition

of surface antigen by cognate B cells after a mild acid wash.

FDCswere loaded with PE-ICs, then washed with amild acid so-

lution to remove surface-bound ICs, and then either fixed and

stained with anti-PE or cultured in media to allow recovery (Fig-

ure 3A). Staining of acid-washed and fixed FDCs with anti-PE

confirmed removal of detectable surface antigen (Figure 3A).

By contrast, acid-washed cells allowed to recover in media for

30 min before fixation and antibody staining revealed PE on

the cell surface (Figure 3A). Staining of the recovered cells with

antibody to complement C3 identified colocalization with the

PE-IC supporting that the ICs are returned to the cell surface

intact (Figure 3A). Quantification of these results show negligible

staining for surface PE-ICs on acid-washed and fixed FDCs rela-

tive to FDCs allowed to recover prior to staining with PE antibody

(Figure 3B, left). Removal of surface bound C3 by the acid treat-

ment was less efficient than PE-ICs (Figure 3B, right). Thus,

based on imaging, endocytosed PE-ICs are returned to the cell

surface where they are accessible to antibody binding. Further-

more, PE-ICs colocalize with C3, suggesting that the ICs are

retained intact during cycling.

As a second approach to evaluate whether endocytosed PE-

ICs return to the cell surface and to determine whether antigen

is functionally intact, FDCs, loaded with PE-ICs (control) or
turkey egg lysozyme (TEL) coupled to PE (TEL-PE-IC) and acid

washed, as described above, were cultured with cognate B cells

and uptake of antigen was assayed by flow cytometry (Fig-

ure 3C). FDCs were incubated with MD4 B cells specific for

hen and turkey lysozyme for 2 or 4 hr to allow for their acquisition

of antigen (Shokat and Goodnow, 1995). After exposure to acid-

stripped FDCs, the B cells were harvested and prepared for

analysis by flow cytometry. As expected, the TEL-specific

MD4 B cells cultured with FDCs loaded with PE-ICs were nega-

tive for uptake of antigen, demonstrating that antigen uptake is

specific (Figure 3D). Notably, cognate B cells incubated 2 or

4 hr with FDCs loaded with TEL-PE-ICs efficiently acquired PE

relative to the control FDCs. By contrast, FACS analysis of

MD4 B cells cultured with acid-stripped FDCs that were fixed

with 1% PFA showed negligible uptake of the labeled antigen

(Figure 3D). Thus, based on flow cytometry analysis, endocy-

tosed PE-ICs return to the surface of FDCs after acid stripping

where it is accessible for acquisition by cognate B cells.

To determine whether uptake of cognate antigen in the ex vivo

model results in B cell activation, MD4 B cells were cultured as

above for 2 hr with FDCs loaded with PE-ICs or FDCs loaded

with TEL-PE-ICs. B cells were harvested and assayed by flow

cytometry after overnight culture. As expected, culture of MD4

B cells with FDCs loaded with nonspecific antigen (PE-ICs)

resulted in negligible activation. By contrast, MD4 B cells

exposed to FDCs loaded with specific antigen (TEL-PE-ICs)

were activated and expressed the B cell activation marker
Immunity 38, 1164–1175, June 27, 2013 ª2013 Elsevier Inc. 1167
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Figure 3. Antigen Acquired by FDCs Resurfaces

(A) Schematic diagram of FDC loading and acid wash procedure and recovery. PE-ICs appearing on the surface of the FDCafter acidwashmust come from inside

the cell. FDCs were loaded with C3-opsonized PE-ICs, then either (1) fixed, (2) acid washed and fixed, or (3) acid washed, recovered for 30 min, and then fixed.

Cells were stained with PE and C3d antibody.

(B) Quantification of the results shows efficient stripping of C3-opsonized PE-ICs by acid wash and recovery of PE-ICs on the surface after 30 min. C3d remains

fixed on PE-ICs during resurfacing.

(C) Schematic representation of the experiment. FDCswere loadedwith TEL (turkey egg lysozyme)-PE-ICs or PE-ICs by noncognate B cells in culture. FDCswere

acid washed to remove cell surface antigen and fixed with 1% PFA or left in media alone to recover. MD4 Ig transgenic B cells (specific for TEL) were mixed with

FDCs for 2 or 4 hr in culture, then harvested, stained with B220, and analyzed by flow cytometry.

(D) Results indicate efficient uptake of TEL-PE-ICs by cognate MD4 B cells when cultured with live FDCs but negligible uptake of PE-ICs (without TEL) or TEL-PE-

ICs from FDCs after acid wash and fixation.

(E) MD4 B cells were cultured for an additional 20 hr before staining with anti-CD86 to assay for B cell activation. Results indicate that cognate B cells express

CD86 when exposed to specific antigen on FDCs but negligible expression when cultured with FDCs loaded with nonspecific PE-ICs.

p values calculated by Student’s t test; ns, not significant.
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CD86 (Figure 3E). The combined results demonstrate that inter-

nalized antigen returns to the FDC surface where its acquisition

by cognate B cells can lead to activation.

It is possible that cognate B cells pick up antigen from dying

FDCs in the ex vivo cultures and that cell surface display of

antigen is not an active process. To address this question

and to determine whether the return of antigen to the FDC

surface is actin dependent, B1-8 B cells specific for NP hapten;

4-hydroxy-3-nitrophenyl acetyl, were cultured with FDCs

loaded with NP-PE-ICs (Lam and Rajewsky, 1999). To block

actin-dependent cycling, FDCs were first treated with 1 or

5 mM Cyt D for 30 min and then washed to remove Cyt D before

mixing with cognate B cells (Figure 4A). Cyt D is known to inter-

fere with B cell receptor internalization, so it was important to

remove the actin inhibitor before adding cognate B cells. The

B1-8 NP-specific B cells were distinguished from nontrans-
1168 Immunity 38, 1164–1175, June 27, 2013 ª2013 Elsevier Inc.
genic B cells carried over from the knockin B1-8 mice based

on the IgMa allo-marker of the immunoglobulin heavy chain

(IgH) knockin allele (Figure 4B). Flow cytometry analysis of

NP-specific B cells cultured with antigen-loaded FDCs identi-

fied capture of a similar range of antigen as described above

with the TEL-PE and MD4 B cells (Figures 4B and 4C). Although

1 mM Cyt D had limited effect on uptake of cognate antigen,

treatment of the FDCs with 5 mM Cyt D resulted in a significant

reduction in uptake by the IgMa+ B1-8 B cells relative to the

media-alone control, i.e., 12% ± 1% versus 21% ± 0.3%,

respectively (Figure 4C). As expected, the IgMb+ noncognate

B cells take up negligible amounts of NP-PE-ICs (Figure 4B).

It is noted that the effects of 5 mM Cyt D treatment on the

FDCs probably represent an underestimate because the

FDCs begin to recover from the actin inhibitor during culture

with the cognate B cells.
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Figure 4. FDCs Display of Antigen for Acquisition by Cognate B Cells Is Actin Dependent

(A) Noncognate B cells bearing clusters of NP haptenated PE-ICs were incubated with FDC culture for 2 hr. Noncognate B cells were removed by washing and

pulsed FDCs were treated with media alone or with 1 or 5 mM Cyt D for 30 min. Cyt D was removed and the FDCs were incubated with a mix of WT (IgMb) and

NP-specific B1-8 (IgMa) B cells for 30 min before harvest and analysis by flow cytometry.

(B) Gating scheme for NP-PE-ICs bound by B1-8 B cells (B220+, IgMa+). Histogram shows that uptake is specific for B1-8 (IgMa) but not WT (IgMb) B cells as

expected.

(C) Percent PE-positive B1-8 B cells (left) and the MFI of NP-PE-IC bound by B1-8 B cells (right). Results indicate that display of specific antigen on FDCs is actin

dependent. Results shown are from three separate experiments with three mice each.

(D) FDCs were loaded with NP-PE-ICs as described above and cultured for 60 min before removal of the FDCs. Subsequently, B1-8 B cells were mixed with FDC

supernatant or directly with FDCs in fresh media for 30 min.

(E) B1-8 cells were harvested and analyzed by flow cytometry as in (B) and (C). Results show that efficient acquisition of antigen by B1-8 B cells requires intact

FDCs. Results represent three separate FDC cultures derived from two sets of mice.

p values calculated by Student’s t test; ns, not significant.
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An alternative possibility for B cell acquisition of antigen in the

ex vivo cultures is that antigen is released by viable FDCs into the

media before it is taken up by cognate B cells. To test this pos-

sibility, NP-specific B cells were cultured for 30 min either with

media taken from a 2 hr culture of FDCs loaded with NP-PE-

ICs or with the FDCs taken from the culture (Figure 4D). NP-

specific B cells efficiently acquired antigen when mixed directly

with FDCs as expected; however, substantially less antigen was

taken up when the cognate B cells were incubated with the FDC

culture media (Figure 4E). Importantly, acquisition of antigen by

cognate B cells is dependent on presence of loaded FDCs

because supernatant from FDC culture alone is not an efficient

source. The combined results support a dynamic process by

which internalized ICs are returned to the FDC surface by a

process that is actin dependent.
Immune Complexes Periodically Cycle to FDC Surface
Our results with the ex vivo cultures show that FDCs capture

C3-coated PE-ICs from noncognate B cells and rapidly inter-

nalize them into endosomal vesicles, some of which return to

the cell surface intact. A process in which ICs cycle continuously

from inside to outside of the FDCs would provide a novel

pathway to retain antigen for extended periods without degrada-

tion. To examine whether PE-ICs are included within a cycling

pathway, FDCs were loaded with C3-coated PE-ICs as

described above and stained sequentially with donkey anti-

rabbit IgG labeled in three different colors: DyLight 488 (green),

DyLight 405 (blue), or DyLight 649 (red) (Figure 5A). After final

staining, FDCs were washed and fixed for confocal imaging.

To confirm that the secondary donkey antibody stably binds to

rabbit Ig IC, noncognate B cells loaded with PE-ICs were stained
Immunity 38, 1164–1175, June 27, 2013 ª2013 Elsevier Inc. 1169



Figure 5. Cycling of ICs Is Actin Dependent
(A) Schematic representation of the experimental set-up for antibody cell surface staining: C3-opsonized PE-ICs is transferred to FDCs for 60min before removal

of B cells. FDCs are incubated with DyLight488 labeled donkey anti-rabbit IgG (green) for 5 min to detect surface PE-ICs. FDCs are washed, ICs are allowed to

cycle, and the process is repeated with two additional labeled donkey anti-rabbit IgGs, i.e., DyLight405 (blue) and DyLight649 (red). This results in several color

combinations that indicate cycling or resurfacing.

(B) Representative confocal image of FDCs with cycling PE-ICs. PE channel (gray value) was used to identify objects and then objects were scored for green

(DyLight488, first staining), blue (DyLight405, second staining), or red (DyLight649, third staining). If the PE-IC object was blue only, it was scored as cycling (inset 1).

If the object was blue and green, it was scored as internalization (inset 2).

(C) Table of all possible color combinations, their interpretation, and the raw cumulative data. This setup will result in an underestimation of the actual number of

cycling PE-ICs.

(D) Bar graphs showing percent PE-IC resurfacing (top) and percent PE-IC cycling (bottom).

See also Figure S3. p values calculated by Student’s t test; ns, not significant; data are represented as mean ± SEM.
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with either donkey anti-Ig labeled in DyLight 405 or 649 or both,

then B cells were cultured at 37�C for 60 min Subsequently, the

cell supernatants were added to B cells bearing PE-ICs to deter-

mine whether the donkey antibody label could transfer between

PE-ICs. Analysis of the stained cells by flow cytometry demon-

strates negligible antibody transfer (Figures S3A and S3B).

Sequential staining of FDCs with the three secondary anti-

bodies results in four ‘‘states’’ of thePE-ICsbasedon thedifferent

color combinations: surface, internalization, resurfacing, or

cycling (Figures 5B and 5C). For example, a high-magnification

image of aPE+ particle visualized in each channel of fluorescence

identifies no fluorescence in the green or red channels but is
1170 Immunity 38, 1164–1175, June 27, 2013 ª2013 Elsevier Inc.
positive for blue (Figure 5B, inset 1). Thus, the particle is scored

as cycling because it was unavailable for the first antibody,

stained with the second (blue), but was inside again for the third

antibody. In a second example, the PE+ particle was identified

as internalized because it was positive for the first two antibodies

(green and blue) but not the third (red) (Figure 5B, inset 2). Overall,

700 PE+ particles were analyzed in each separate color channel

and the results were quantitated for the resurfacing and cycling

(Figure 5C). For example, 94 (13.4%)PE+ particleswere identified

as ‘‘cycling’’ and 182 (40%) PE+ particles were surfacing (Fig-

ure 5C). As expected, fixation of cells after initial loading with

PE-IC blocked cycling of PE-ICs (results not shown).
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To test whether the cycling of antigen to the cell surface was

actin dependent, FDCs were first loaded with PE-ICs and then

subsequently treated with 5 mM Cyt D to block actin polymeri-

zation prior to antibody staining. As a control, Cyt D was

washed out (Cyt D recovery) before staining. Results demon-

strate that treatment of loaded FDCs with Cyt D before expo-

sure to donkey anti-rabbit Ig significantly impairs resurfacing

of PE-ICs relative to the recovery control, i.e., 5.3% versus

43.6% (p = 0.006) and cycling, i.e., 1.1% versus 9.9% (p <

0.001) of antigen (Figures 5C and 5D). Thus, rabbit IgG-PE com-

plexes transferred from noncognate B cells are not degraded

appreciably over time but a fraction remains intact and period-

ically cycles to the cell surface via an actin-dependent

mechanism.

Long-Term Retention of Immune Complexes within
Cycling Endosomes
To compare results from ex vivo cultures with capture of antigen

by FDCs in vivo, mice previously treated with rabbit anti-PE were

injected subcutaneously with PE antigen (Figure 6A). LNs were

harvested at days 5 or 10 for analysis by immunohistochemistry

(IHC) and extraction of FDCs for culture ex vivo and characteriza-

tion. IHC analysis of LN cryo-sections of immunizedmice at both

time points confirmed deposits of PE-ICs on FDCs as expected

(Figure 6B and not shown). To prepare ex vivo cultures, FDCs

harvested at day 5 from immunized mice were cultured on

collagen-coated slides for an additional 6 days. Slides were

stained for Cr2 and analyzed by confocal microscopy to confirm

retention of PE at day 11 after immunization. Quantitation of in-

dividual FDCs isolated from the immunized mice relative to

nonimmune controls identifies a significant MFI of PE+ staining

per cell as expected (Figure 6C). Notably, the pattern of PE

retained by ex vivo cultured FDCs is similar to that of the IHC

images taken at day 10 after immunization in that both show

retention of PE antigen (Figures 6B and 6C). Thus, PE-ICs ac-

quired by FDCs in vivo are retained by the FDCs for at least 6

additional days in culture.

To determine whether PE-ICs loaded on FDCs in vivo

continued to undergo cycling for an extended period, FDCs

were harvested at day 10 after immunization. Cells were allowed

to recover in culture for an additional 6 days before acid wash

and staining cell surface ICs with anti-PE. Image analysis

confirmed removal of surface PE-ICs by acid wash as expected

(Figures 6D and 6E). By contrast, when FDCs were allowed to

recover after acid wash and then stained, PE was detected on

the surface (Figures 6D and 6E). C3 staining was also detected

on the surface of the recovered FDCs, indicating that the com-

plement-coated PE-ICs are intact and cycle 16 days after

loading (Figures 6D and 6E). Overall, these results validate the

findings with cultures of FDCs loaded with ICs in vitro and pro-

vide an explanation for how GC B cells may sample antigens

in vivo over an extended period.

DISCUSSION

Although it is well established that FDCs retain antigen over

extended periods and that this retention is important for both pri-

mary and secondary B cell responses, how antigen is initially

taken up and sequestered by FDCs without degradation and
how it is subsequently made available to B cells has remained

unexplained (Cyster et al., 2000; Garin et al., 2010; Suzuki

et al., 2009; Tew et al., 1990; Wang et al., 2011). In the current

study, we resolve this problem by identifying a set of steps by

which noncognate B cells, loaded with ICs either in vivo or

in vitro, deliver antigen in the form of large aggregates to

FDCs, where it is stripped from the B cells and rapidly internal-

ized as smaller particles within a cycling compartment. Thus,

we propose a cell-to-cell transfer followed by a cycling pathway

in a nondegradative compartment that provides an efficient

mechanism for FDC capture, internalization, long-term retention,

and presentation of native antigen to cognate B cells.

Earlier studies identified the novel pathway by which C3-

coated ICs are trapped by subcapsular sinus macrophages

and shuttled to noncognate B cells in the underlying B cell folli-

cles. Subsequently, the B cells transport the ICs to the FDCs.

The pathway was shown to be dependent on B cell expression

of Cr2 because substantially less antigen was deposited on

FDCs in chimeric mice bearing Cr2-deficient B cells (Phan

et al., 2007; Roozendaal et al., 2009). Moreover, disruption of

the pathway led to a reduction in affinity maturation of GC B cells

(Phan et al., 2009). Our observation when we used MP-IVM in

anesthetized mice immunized with PE demonstrates direct

transfer of the complement-coated PE-ICs from the B cells to

FDCs. Although the overall efficiency of the process cannot be

determined from the present study, it does demonstrate that

noncognate B cells hand off antigen complexes directly. It

seems most probable that other cell types such as resident

dendritic cells may also participate in delivery of ICs to FDCs

as proposed for transport of particulate antigens such as influ-

enza virus (Gonzalez et al., 2010).

FDC is the only cell type known to store antigen intact and

accessible to cognate B cells for extended periods (Garin

et al., 2010). Macrophage and dendritic cells efficiently phagocy-

tose ICs through immunoglobulin Fc receptors but the type of

receptor determines the antigen fate (Nimmerjahn and Ravetch,

2006). For example, uptake of ICs by activating FcgR, i.e., FcgRI,

FcgRI III, and FcgR IV, results in internalization and degradation.

By contrast, uptake of ICs via the inhibitory FcgRIIB results in a

transient return of the complexes to the cell surface for possible

engagement by B cells (Bergtold et al., 2005). However, unlike

the pathway we describe for FDCs, ICs internalized by inhibitory

FcgR are eventually degraded within 48 hr based on studies

in vitro. Murine FDCs and B cells also express FcgRIIB but its

expression is not required for uptake either in vivo or in our

in vitro model (Phan et al., 2007; Roozendaal and Carroll,

2007). However, given the findings of Bergtold et al. (2005), it

is possible that the Fc inhibitory receptor may be important in

the cycling of the ICs once they are internalized via Cr2; this

will be an important question to address in future studies.

Earlier results, based on electron microscopy studies, pro-

posed that FDCs retained and periodically released antigen to

B cells in the form of immune complex-coated bodies or

ICCOSOMES, where it can be directly acquired by cognate B

cells (Burton et al., 1991; Szakal et al., 1988; Cyster et al.,

2000; Garin et al., 2010; Suzuki et al., 2009; Tew et al., 1990;

Wang et al., 2011). Our results are consistent with the earlier find-

ings of antigen exposure on the FDC cell surface but add that the

presentation of antigen is dynamic. Thus, we identify an active
Immunity 38, 1164–1175, June 27, 2013 ª2013 Elsevier Inc. 1171



Figure 6. Antigen Acquired by FDCs In Vivo Is Periodically Cycled to the Cell Surface

(A) Schematic representation: mice were passively immunized with rabbit anti-PE on day �1, injected with PE on day 0, then irradiated on day 4 or 9 and FDCs

isolated on day 5 or 10. Alternatively, draining popliteal LNs (pLN) were harvested and cryo-preserved on day 10.

(B) Sections of pLN show PE (red) localizing with Cr2 (blue) that marks the FDC within the B cell (B220, green) follicle at day 10 after immunization.

(C) Representative confocal images of FDCs harvested at day 5 after immunization with PE (red) and cultured in vitro until day 11. Cells were stained with antibody

to Cr2 (blue). Quantification of images shows mean fluorescent intensity of PE per cell for FDCs isolated from immunized and PBS control mice. Each symbol

represents a single cell.

(D) Representative confocal images of FDCs isolated from immunemice at day 10 and cultured until day 16. FDCs were either (1) fixed, (2) acid washed and fixed,

or (3) acid washed, recovered for 30 min, and then fixed. Cells were stained with PE and C3d antibody.

(E) Quantification shows efficient acid wash and recovery of PE-ICs (top) and C3 (bottom) on the surface after 30 min. C3d remains fixed on PE-ICs during

resurfacing. Results indicate that C3-PE-ICs recycle at day 16 after loading in vivo.

p values calculated by Student’s t test; ns, not significant.
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process involving cycles of surface presentation. The timing of

these events is such that snapshots obtained by EM are unable

to resolve how antigen is temporally displayed. Moreover, our re-

sults that uptake of antigen from FDC culture supernatant alone

or disruption of cycling endosomes by actin inhibition or fixation

leads to inefficient acquisition by cognate B cells support a direct

contact model; however, we cannot rule out a role for release of
1172 Immunity 38, 1164–1175, June 27, 2013 ª2013 Elsevier Inc.
immune complexes as an alternative source of antigen. It is

possible that multiple pathways exist in which FDCs provide

antigens to B cells. For example, in an inflammatory environment

where there are ongoing GCs, the activation status of the FDCs

may influence the display of antigen.

Our finding of periodic cycling of intact ICs by FDCs suggests

a mechanism to explain the observed retention of antigen over
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long periods. Another important factor in long-term retention of

antigen is the intrinsic turnover of FDCs. It is unclear whether

FDCs actively divide and retain antigen in daughter cells or if

they are periodically replaced by precursor cells such as those

recently described as platelet-derived growth factor receptor

beta-positive perivascular cells (Krautler et al., 2012). Given the

relative dense network of FDCs within the follicles, it is possible

that after uptake and internalization, ICs are relayed to neigh-

boring FDCs and this pathway could help explain the highly

efficient retention. In future studies, it will be important to track

the long-term fate of FDCs and how the immune status alters

the local retention of antigen.

In addition to their known role within secondary lymphatic

tissues, FDCs are found in tertiary lymphatic tissues that form

at sites of chronic inflammation or infection where they are

thought to be important in maintaining B cell follicles and

germinal centers (Krautler et al., 2012). Because these ectopic

sites form outside of normal lymphatic tissues, it is not clear

whether antigen is delivered to the FDCs by one of the known

routes, i.e., noncognate B cells and FRC conduits or possibly

dendritic cells (Phan et al., 2009; Bajénoff and Germain, 2009;

Roozendaal et al., 2009; Bergtold et al., 2005; Gonzalez et al.,

2010; Qi et al., 2006). Moreover, because the ectopic sites are

often transient relative to known lymphoid structures, it will be

important to learn whether the fate of ICs is regulated differently.

For example, are ICs retained primarily in a nondegradative,

cycling endosomal compartment or are ICs more actively

shuttled to the lysosomes, limiting the period of antigen display?

Overall, the combined results resolve a long-standing question

in humoral immunity and identify a pathway by which FDCs take

up complement-coated ICs from noncognate B cells via Cr2 and

internalize them into a cycling endocytic pathway. For the most

part, antigen is retained intact within a nondegradative com-

partment that periodically cycles to the cell surface, exposing it

to cognate B cells.

EXPERIMENTAL PROCEDURES

Mice

C57BL/B6 background CD45.1, CD45.2, MD4, B1-8, Cr2-deficient, and EGFP

mice were purchased from Jackson Laboratories and maintained in specific-

pathogen-free facilities at Boston Children’s Hospital Program in Cellular and

Molecular Medicine (PCMM), Harvard Medical School. Institutional Animal

Care and Use Committees (IACUC) at Harvard Medical School and PCMM

approved animal experimental protocols.

Immune Complex Generation

B-Phycoerythrin (PE) (Anaspec) was used as a model Ag. ICs were generated

by mixing 10 mg of PE, 5 mg of rabbit anti-PE IgG (Rockland), and 10 ml freshly

isolated C57BL/B6 serum (as a source of complement) in GVB++ buffer (Com-

plement Tech) for 30 min at 37�C. 1 3 107 splenocytes from a C57BL/B6

mouse were then incubated with the immune complex mix for 30 min at

37�C to generate IC-bound B cells.

FDC Isolation and Ex Vivo Culture

FDC isolation and culture procedures were modified from that described

(El Shikh et al., 2006). In short, mice were irradiated with 1,200 rads by a
137Cs irradiator located at the Immune Disease Institute at Harvard Medical

School, one day prior to FDC isolation. LNs (brachial, axillary, inguinal, popli-

teal, cervical, lumbar, sacral, and mesenteric) were harvested from irradiated

mice and digested with 0.26 U Liberase DH and 0.2 mg/ml DNase I (Roche).

FDCswere enrichedwithMACS separation column (Miltenyi Biotec) according
to manufacturer’s protocol, with 0.7 mg FDC-M1 antibody (in-house) and

5 mg/ml biotinylated anti-rat kappa antibody (clone MRK-1, BD Biosciences).

Positively selected FDCs were resuspended in FDC media (DMEM sup-

plemented with 10% FBS, 20 mM HEPES buffer, 0.2 mM MEM nonessential

amino acids, 2 mM L-glutamine, and 1 mg/ml gentamicin) and plated on

collagen-coated (Rat tail derived collagen; Roche) glass coverslips (#1.5,

25 mm diameter, Warner Instruments) at a density of 5 3 105 FDCs per

coverslip. 5–7 day cultured FDCs were used for different assays.

B Cell Isolation

Splenocytes fromC57BL/B6, B1-8, andMD4micewere enriched for B cells by

negative selection via biotinylated anti-CD43 (S7 clone; BD Biosciences)

followed by streptavidin micro beads (Miltenyi Biotech). Cells were separated

by MACS columns (Miltenyi Biotech) according to manufacturer’s protocol.

Purity of the cells used for assays was greater than 90% as assessed by

flow cytometry.

FDC and B Cell Assays

For different assays involving IC-bound B cells and FDCs, 2 3 106 B cells per

5 3 105 cultured FDCs were used. In experiments where the role of actin was

analyzed, FDCs were either left untreated or treated with Cytochalasin D

(Sigma-Aldrich).

Flow Cytometry

B cells were washed from FDC cultures after the assay and stained in a

96-well U-bottom plate. Anti- B220-PerCP and IgMb-FITC antibodies were

purchased from Biolegend. FDC-M1-Alexa 633 was made in-house.

FACSCanto II (BD Bioscience) was used to acquire the samples and FlowJo

software (Tristar) and Prism (Graphpad Software) were used for analysis of

the acquired data.

Live Cell Labeling

B cells were labeled with the CellTracker dye CMFDA (Invitrogen) at final con-

centration of 2.5 mM for 15 min, followed by extensive washing, and used for

adoptive transfer. For spinning disk epifluorescent or confocal microscopy,

B cells and FDCs were labeled with DiI or DiO Vybrant Cell-labeling solution

(Molecular Probes).

In Vivo Imaging

Mice were passively immunized with 1mg of rabbit anti-PE IgG and pretreated

by intravenous injection with fluorescent anti-Cr2 to label the FDCs in vivo.

Purified, fluorescently labeled B cells were adoptively transferred as

described. After 24 hr, 10 mg of PE was injected subcutaneously into the

footpad. The popliteal LN was surgically exposed andMP-IVMwas performed

as described (Gonzalez et al., 2010).

Cultured Cell Time-Lapse Imaging and Confocal Images

Cultured FDCs attached to glass cover slides were mounted in a chamber,

which is filled with PE-IC-bound B cells in FDC media and then installed in a

heated stage plate (20/20 Technology) connected to a chamber insert (20/20

Technology) and placed in an environment chamber (Okolab), where

temperature, humidity, and CO2 levels were controlled during imaging.

Epifluorescence microscopy was performed with aMariana system (Intelligent

Imaging Innovations) with Axiovert 200M microscope (Carl Zeiss

MicroImaging) equipped with 633 oil, 1003 oil objectives (Plan Apochromat,

1.4 NA, Carl Zeiss MicroImaging), coolSnap HQ II camera (Photometrics).

Xenon lamp (DG-4, Sutter Instruments), with WF HQE and Misc. filter set

(485/20, 560/25 and 650/13, Chroma Technology Corp) was used as a light

source. Time-lapse movies were acquired in one optical section with between

15 s and 1 min intervals, with multiple positions.

The microscope is connected with a spinning disk confocal head (CSU22,

Yokogawa electric) cascade camera (Photometrics) and piezo-driven stage

(Application Scientific Instrumentation) for sample axial position control. Three

lasers (491 nm, 561 nm, 660 nm) coupled to spinning head through an

acoustic-optical tunable filter (AOTF) were used as a light source. Images

were analyzed and 3D view rendered by Slidebook 4.2 or 5 (Intelligent Imaging

Innovations).
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Immunohistochemistry

LNs were dissected out and embedded in optimal cutting temperature com-

pound (TissueTek). Cryosections were prepared at 10 mm thickness and fixed

in 1% paraformaldehyde solution. Fixed samples were preincubated with anti-

FcR (2.4G2, house produced) and 2% bovine serum albumin for blocking

nonspecific and Fc-mediated binding. FDC M1 Alexa 488 (house labeled),

donkey anti-rabbit DyLight 405, donkey anti-rabbit DyLight 488, and donkey

anti-rabbit DyLight 649 (Biolegend) were used for staining ex vivo cultures of

FDCs. Images were acquired with a FluoView FV1000 confocal microscope

(Olympus) with a 203 lens (NA: 0.7) and processed with FluoView software

(Olympus). Data were analyzed with Volocity software (Perkin-Elmer).

Electron Microscopy

Isolated FDCs were grown on collagen-coated ACLAR coverslips. Cells were

preincubated with anti-FcR (2.4G2) and then labeled with anti-Cr2 (clone

8C12, in-house), followed by rabbit anti-rat IgG and protein A gold (Cell Micro-

scopy Center, Department of Cell Biology, University Medical Center Utrecht,

the Netherlands). For detection of ICs, cells were pretreated as above and then

labeled with protein A gold. Popliteal LNs were harvested and sections were

prepared as described (Gonzalez et al., 2010). Samples were analyzed on a

Tecnai G2 Spirit Bio TWIN electron microscope (FEI Company) at the Harvard

Medical School EM facility.

SUPPLEMENTAL INFORMATION

Supplemental Information includes three figures and three movies and can

be found with this article online at http://dx.doi.org/10.1016/j.immuni.2013.
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