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B cell follicles and antigen encounters of 
the third kind
Jason G Cyster

Defining where and in what form lymphocytes encounter antigen is fundamental to understanding how immune responses occur. 
Although knowledge of the recognition of antigen by CD4+ and CD8+ T cells has advanced greatly, understanding of the dynamics 
of B cell–antigen encounters has lagged. With the application of advanced imaging approaches, encounters of this third kind are 
now being brought into focus. Multiple processes facilitate these encounters, from the filtering functions of lymphoid tissues and 
migration paths of B cells to the antigen-presenting properties of macrophages and follicular dendritic cells. This Review will 
discuss how these factors work together in the lymph node to ensure efficient and persistent exposure of B cells to diverse forms 
of antigen and thus effective triggering of the humoral response.

At any one time, the majority of B cells in the mammalian body are situ-
ated inside follicles in the lymph nodes, spleen, Peyer’s patches and other 
mucosal lymphoid tissues. B cells enter these tissues from the blood, 
migrate rapidly into follicles and spend about a day in the tissue before 
returning to the circulation to travel to another tissue. A striking feature 
of lymphoid tissue anatomy is that the B cell follicles are situated directly 
opposite the portals of antigen entry: lymph node follicles are located 
beneath the subcapsular sinus (SCS) of the lymphatic, splenic follicles are 
beneath the blood-filled marginal sinus, and mucosal follicles are situated 
immediately adjacent to antigen-transporting M cells. Early studies dem-
onstrated that opsonized (complement- and/or antibody-coated) antigens 
become deposited on follicular dendritic cells (FDCs) within hours of 
immunization, and a model emerged that B cells travel to follicles to survey 
FDCs for antigen1. Moreover, the continued display of antigen on FDCs 
over periods of days or weeks was suggested to be important in driving the 
germinal center (GC) response2. The mechanisms that promote encounter 
with nonopsonized antigens were less obvious but were thought to involve 
fluid-phase exposure. However, through a combination of fluorescence-
based fixed-tissue and real-time imaging approaches, a more intricate 
picture of the dynamics of B cell–antigen encounters in lymph node fol-
licles has emerged3–5. To consider these dynamics, it will be helpful to first 
review how B cells travel to and migrate within lymphoid follicles.

Cues that guide follicular B cell migration: CXCR5 and EBI2
The chemokine–chemokine receptor pair CXCL13-CXCR5 has an 
essential role in attracting B cells to follicles (Fig. 1). CXCL13 is made 
by follicular stromal cells, including marginal reticular cells (MRCs) in 

the subcapsular region of the follicle and FDCs in the center6,7, whereas 
CXCR5 is expressed by all mature B cells8. CXCL13 binds heparin sulfate 
and collagen9,10 and is found concentrated in association with collagen 
fibers and stromal cells6,11. In the follicle, B cells move at an average 
velocity of 6 µm/min with a ‘random walk’ motion12 that may be pro-
moted in part by CXCL13 (ref. 13). Whether CXCL13 acts principally 
in a surface-bound (haptokinetic) way or a soluble (chemokinetic) way 
remains to be established. B cell movement can be stromally guided14, 
although the cells do not always seem to be associated with stroma15, 
and if studies of DCs translate to B cells, the cells may move at similar 
speeds whether on or off stromal support16. As B cells ‘go walkabout’ in 
the follicle, they contact not only FDCs, MRCs and each other but also 
cells located around the follicle perimeter, including sinus-associated 
macrophages and T cell zone–associated DCs (Fig. 1). As will be dis-
cussed further below, this migration activity facilitates both encounter 
with cognate antigen by individual B cells and the mass transport of 
opsonized antigens from the exposed follicle perimeter to the protected 
center for long-term display. How much of the dwell time in a lymphoid 
tissue is spent navigating a single follicle versus exploring several B cell 
areas is not known. Egress from the tissue occurs in a manner dependent 
on the sphingosine 1-phosphate receptor type 1 via lymphatic sinuses 
situated at the border of follicles and T cell zone, called ‘cortical sinuses’ 
(Fig. 1), that connect to medullary sinuses and hence the efferent lym-
phatics17–19.

CXCL13 is not the only chemoattractant that controls cell distribu-
tion in the follicle, as hinted by the finding that B cells in CXCR5- or 
CXCL13-deficient mice continue to reside in the outer regions of lym-
phoid tissues8,20. Published work has identified a role for the chemoat-
tractant-type receptor EBI2 (also known as GPR183) in guiding naive 
and activated B cells to the outer follicle and interfollicular regions of 
lymph nodes (Fig. 1), spleen, Peyer’s patches21,22 and isolated lymphoid 
follicles in the intestine (L.M. Kelly. and J.G.C., unpublished data). Like 
CXCR5, this receptor is present in all mature B cells, but unlike CXCR5, 
its expression increases rapidly after B cell activation. The nature and 
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in diameter (a size range that includes many viruses) have been found 
to gain ready access to lymphatics, whereas particles 500–2,000 nm in 
diameter (the size of many bacteria) are inefficient in reaching draining 
lymph nodes unless carried by cells32. Other studies have found that 
particles 1,000 nm in diameter can gain access to skin-draining lymph 
nodes33, and particles of this size readily drain from the peritoneum, 
where stomatal openings in the mesothelium overlying diaphragmatic 
lymphatics facilitate their passage, although microspheres 5 µm in 
diameter do not drain34,35. The size limits of particle draining may be 
influenced by the extent of local inflammation and associated increase 
in interstitial fluid flow31. The protozoan pathogen Toxoplasma gondii 
is several micrometers in size and reaches draining lymph nodes within 
hours of subcutaneous inoculation36. Some large pathogens reach drain-
ing lymph nodes because of their own migratory activity. For example, 
Plasmodium falciparum sporozoites have been visualized migrating into 
skin lymphatic vessels (as well as blood vessels) after a bite by an infected 
mosquito37. More generally, many microbes secrete antigenic material 
or are attacked by proteases and other enzymes, releasing lymphatic-
accessible antigens.

SCS macrophages and display of particulate antigens
The floor of the SCS is lined by cells positive for the lymphatic endothe-
lial cell marker LYVE1, lying on a layer of extracellular matrix38–41. This 
endothelium-like lining limits the free access of molecules and fluid to 
the tissue parenchyma42. Although some reports have suggested the exis-
tence of pores in the lining, most studies have emphasized the presence 
of macrophage-type cells that extend across the sinus wall38,40,43 and that 
express sialoadhesin (CD169)44,45 (Fig. 2). Early studies considered the 
macrophages to be in the act of passing through the sinus lining cells, 
but real-time imaging experiments have shown that they are resident 
in this ‘transcellular’ position41,46,47. How they orientate themselves in 
this polarized way is not yet clear, but in experiments in which affer-
ent lymph flow is interrupted, they move rapidly into the follicle and 
disappear48,49, which suggests that there are signals in the lymph that 
promote positioning and homeostasis of the cells. On the follicular side, 
SCS macrophages are in contact with B cells, and they require B cells 

source of the ligand for EBI2 has not yet been reported, but EBI2 over-
expression studies suggest that this ligand may be concentrated in the 
outer follicle and interfollicular regions21,23. Consistent with the roles 
of CXCR5 and EBI2 in promoting antigen encounter, both CXCR5 defi-
ciency and EBI2 deficiency are associated with diminished antibody 
responses15,22,24,25.

A third chemokine receptor system that influences B cell distribu-
tion in the follicle is CCR7 and its ligands, CCL21 and CCL19 (ref. 
26). Mature B cells have low expression of CCR7 and respond to CCR7 
ligands27. Although CCR7 ligands are expressed principally in the T cell 
zone, CCL21 extends as a gradient from the T cell zone into the follicle, 
and access of B cells to the T cell zone–proximal half of the follicle is par-
tially CCR7 dependent28 (Fig. 1). B cells rapidly upregulate CCR7 after 
encountering cognate antigen, and they use this receptor to navigate to 
the B cell–T cell boundary in search of T cell help27,28.

Early antigen traffic to lymph nodes
Small soluble antigens that enter the body across the skin are picked 
up in the flow of transudated plasma and are carried through flap-like 
junctions between endothelial cells of the initial lymphatics29,30. These 
vessels join larger collecting lymphatics that later become lymph node 
afferent lymphatics. Transudated plasma, after entering a lymphatic, 
becomes lymph fluid, and any material it carries drains through these 
vessels into the SCS located between the collagenous capsule and the 
lymphocyte-rich cortex. The passage of entering lymph fluid through 
the SCS before it reaches the medullary sinus, located on the lymph 
node surface connecting to the efferent lymphatic, ensures that antigenic 
particles have the opportunity to encounter SCS macrophages overlying 
B cell follicles and possibly to gain access to follicles; antigen traveling on 
to the medullary sinus is taken up and destroyed by highly phagocytic 
medullary macrophages. Large antigens, complexes too large to freely 
enter lymphatics, can arrive in the lymph node later, carried by DCs or 
other myeloid cell types. The size of particles that can freely reach and 
enter lymphatics varies with the properties of interstitial spaces at the 
site of injection and with the type of local lymphatics29,31. By whole-body 
imaging, subcutaneously injected fluorescent microspheres 20–200 nm 
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Figure 1  Multiple cues direct B cell 
migration through the lymph node follicle. 
A B cell enters from an HEV, migrates into 
a follicle in a CXCR5-CXCL13–dependent 
manner and then is attracted to the outer 
follicle in response to both CXCL13 and 
EBI2 ligand (EBI2L). After migrating back 
through the FDC network, the cell travels 
through the T cell zone (T zone)–proximal 
follicle using CCR7 to respond to CCL21 
(and CCL19; not presented here) and CXCR5 
before exiting into a LYVE1+ cortical sinus 
in an sphingosine 1-phosphate receptor 
type 1 (S1P1)-dependent manner. CCL21 
is produced by fibroblastic reticular cells 
(FRC) and HEVs; CXCL13 is produced by 
MRCs and FDCs; and the source of EBI2L 
is not known, but it is suggested to be more 
abundant in the interfollicular regions and 
outer follicle than in the follicle center. The 
morphology of MRCs are not well defined and 
there is probably additional heterogeneity 
in the follicular stroma not presented here. 
Some of the stromal cells are associated with 
collagen fibers (not presented here) and the 
cells form an interconnected network. MΦ, 
macrophage.
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Although SCS macrophages capture many types of foreign particles, 
they ignore much of the material that enters the SCS. Lymph contains 
substantial amounts of self protein, carbohydrate and lipid61. Lymph 
traveling from the intestine is particularly rich in lipids (for example, 
chylomicrons) and contains other inert dietary components. These self 
and dietary molecules are thought to have free passage through the node 
sinuses29, which highlights the point that the capture and retention of 
foreign material requires specific receptors.

As well as capturing and displaying antigens, SCS macrophages are 
an early site of infection by pathogens, including vaccinia, vesicular 
stomatitis virus, murine cytomegalovirus, cowpox and Toxoplasma 
gondii35,36,47,62,63. It seems possible that a lower propensity for antigen 
degradation may cause these cells to serve as a safe haven for pathogens. 
Indeed, one theory is that they may be specialized to support infection 
and presentation or cross-presentation of antigenic material to facilitate 
rapid mounting of T cell responses64. The cells express major histocom-
patibility complex class I, and when infected by T. gondii, they are killed 
by effector CD8+ cells65. However, whether they can prime the activation 
of CD8+ T cells is less clear, and they might instead deliver antigen to 
nearby DCs64. SCS macrophages are able to take up, process and present 
lipid antigens in the context of the antigen-presenting molecule CD1d 
for direct activation of invariant natural killer T cells66. Published work 
has highlighted an important innate role for SCS macrophages: after 
infection with vesicular stomatitis virus, they produce interferon-α/β, 
which is necessary to protect nerves situated in the SCS from infection 
by this neurotropic virus63. Marginal zone metallophilic macrophages 
in the spleen also produce interferon-α/β during viral infection67. How 
infection of SCS macrophage by pathogens affects the B cell response is 
not yet clear, but locally produced interferon-α/β may directly costimu-
late antibody production68,69.

In addition to macrophages, lymph node lymphatic endothelial cells 
bind and endocytose antigen40,43,70, including viruses47. These cells 
express mannose receptor71 and scavenger receptors such as stabilin I  
(ref. 72). Whether antigen captured by these cells is displayed for 
B cell recognition has not been determined. Lymph node lymphatic 
endothelial cells have been found to express a variety of tissue-specific 
autoantigens73. Other stromal cell types in lymph nodes, including cells 
expressing the transcriptional regulator Aire, which are more abundant 
near follicles, also express a range of tissue-restricted antigens and help 
mediate T cell tolerance74,75. It will be interesting to discover whether 
these cells secrete or display autoantigens in a way that affects B cell 
tolerance.

Despite evidence that SCS macrophages capture and transiently dis-
play particulate antigens, macrophage-ablation experiments have so 
far not led to lower B cell responses60,63,76. As these treatments broadly 

and the B cell–expressed cytokine lymphotoxin-α1β2 for their develop-
ment and/or maintenance50. This B cell–macrophage crosstalk may be 
a mechanism that links changes in follicle size with the maintenance of 
SCS macrophage coverage51. The development of SCS macrophages is 
defective in mice lacking colony-stimulating factor 1, consistent with 
their macrophage designation52.

Early studies showed that SCS macrophages capture a variety of for-
eign particulate antigens that enter from the afferent lymphatics, such as 
colloidal carbon, ferritin, liposomes and opsonized antigens39,45,53,54. In 
contrast to the sinus-situated medullary macrophages that fit the classi-
cal macrophage definition of being strongly phagocytic cells that rapidly 
degrade internalized material39,45,53, SCS macrophages have a low rate 
of antigen internalization and degradation39,50,54. SCS macrophage have 
a lower rate of depletion by clodronate-containing liposomes that kill 
cells after internalization than do medullary macrophages, which is also 
consistent with their different rates of phagocytosis45. Medullary mac-
rophages can be distinguished from SCS macrophages by their expression 
of the macrophage marker F4/80 and the C-type lectin SIGN-R1 (refs. 
45,50,55). A study has used the marker F4/80 to distinguish  CD169+ 
SCS and medullary cells by flow cytometry50, although the ability to 
isolate SCS macrophages at higher purity continues to be a challenge, 
and some of the CD169hiF4/80lo cells identified in cell suspensions seem 
to be lymphocytes masquerading as macrophages because of acquisi-
tion of macrophage membrane blebs (E.E. Gray, T.G. Phan and J.G.C., 
unpublished data). Whether this membrane transfer56 occurs in vivo or 
during tissue digestion and cell isolation requires further investigation, 
but these observations suggest that some lymphocytes have receptors 
that promote strong interactions with SCS macrophages.

Real-time imaging experiments have visualized SCS macrophages cap-
turing virus-sized (200-nm) beads, opsonized phycoerythrin, vesicular 
stomatitis virus, vaccinia virus and adenovirus particles within minutes 
of their subcutaneous injection41,46,47. For each of these antigen types, 
the cells make the captured material accessible to B cells that migrate 
over their follicular tail processes41,46,47 (Fig. 3). Real-time imaging has 
shown immune complexes moving unidirectionally from the sinus-
accessible macrophage head region to the follicle-associated tail region50. 
The complexes seem to be predominantly surface associated (Fig. 4, 
model 1), but the real-time imaging approaches have been of insuffi-
cient resolution to exclude the possibility of movement by transcytosis 
(Fig. 4, model 2). The cells express the complement receptor CR3 (also 
called Mac1 or CD11b-CD18; Fig. 2) and have low expression of CR4 
(CD11c-CD18)47,50,57 as well as FcγRs (Fc receptors for immunoglobulin G  
(IgG; E.E. Gray and J.G.C., unpublished data). They also have a selec-
tive ability to bind the cysteine-rich domain of soluble mannose recep-
tor, in part via CD169 (refs. 58,59). However, the involvement of any 
single receptor in the capture of opsonized antigens has been difficult to 
establish47,50, which perhaps indicates that multiple classes of receptors 
are often used together. Capture of ultraviolet irradiation–inactivated 
influenza virus is partially dependent on mannose-binding lectin, an 
initiator of the complement cascade60. This suggests a role for SCS mac-
rophage CR3 or CR4 in capture but might also indicate involvement of 
receptors for mannose-binding lectin or CD169-mediated binding via 
mannose receptor.

After encountering cognate antigen displayed by SCS macrophages, 
migrating B cells decrease their velocity and transiently accumulate in 
the SCS region46,47. This accumulation may reflect close interaction with 
the SCS macrophage surface, perhaps mediated by the integrin ligands 
VCAM-1 or ICAM-1 on the macrophage41,46,47. In addition, antigen-
receptor engagement can deliver migration ‘stop’ signals. These effects 
are transient, and within a few hours, encounter with cognate antigen 
leads to CCR7-dependent migration to the T cell zone41,46,47.
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Figure 2  SCS macrophages overlying a lymph node follicle. Confocal 
microscopy of a peripheral lymph node frozen section stained for various 
markers (bottom left corners); CD169+CD11b+ macrophages project through 
the LYVE1+ SCS-lining cells. Original magnification, ×63. Images by 
Elizabeth E. Gray. 
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by both of these pathways, but conduits may 
contain a higher concentration of (possibly 
matrix-associated) antigen. This might mean 
that if a low-affinity B cell probes the interior 
of a conduit, it has a better chance of becom-
ing activated. To definitively establish the role 
of conduits in antigen delivery it will be neces-
sary to test the effect that disrupting them has 
on B cell activation.

Although many antigens are greater than 
70 kilodaltons in size, large antigens trav-
eling in lymph fluid can become proteo-
lyzed33. Protein antigens are cleaved from 
the surface of beads 1 µm in diameter and 
gain access to follicular B cells without a 
requirement for SCS macrophages or DCs 
or for extensive migration of the follicu-
lar B cells, which suggests that the cleaved 
antigens directly access the follicle33. The 
ability of B cells to present peptides to  
T cells requires that the B cell and 

T cell determinants be linked in the same protein rather 
than simply being present on the same beads. This obser-
vation may connect with the finding that T cell help for  
B cells responding to vaccinia virus is largely intramolecular rather 
than of the intermolecular type identified in classical studies of 
responses to influenza virus (80 nm in diameter) and hepatitis B 
virus (20–40 nm in diameter)81. Vaccinia virus is large (360 nm in 
diameter), and proteolysis may be an important factor in allowing effi-
cient access of B cells to vaccinia virus antigens. These observations 
might typify events for pathogens that are more than a few hundred 
nanometers in size.

Antigen-presenting roles for migrating and local DCs
DCs are specialized to internalize antigens at peripheral sites and then 
travel to draining lymph nodes to display complexes of peptide and 
major histocompatibility complex to T cells. DCs have lower abundance 
of lysosomal proteases than do classical macrophages, and they degrade 
internalized antigens more slowly82. This facilitates the prolonged gen-
eration of complexes of peptide and major histocompatibility complex 
but might also allow the cells to regurgitate intact antigen for encounter 
with B cells (Fig. 3). DCs internalizing immune complexes via FcγRIIb 
can recycle the complexes to the cell surface83, and the C-type lectin 
DC-SIGN re-exposes captured viral particles in human DCs84. Early 
studies demonstrated the activity of antigen-bearing DCs in stimu-
lating B cells in vitro and after adoptive transfer85,86. Subsequently, 
transferred DCs localized near HEVs have been visualized presenting 
hen egg lysozyme to entering B cells87. B cells migrating through the 
follicle are also likely to encounter DCs that are densely distributed at 
the follicle–T cell zone boundary (Fig. 3), and the activity of CCR7 in 
naive B cells may favor such encounters. DCs are also present in the SCS 
and are occasionally present in follicles88, possibly providing further 
opportunities for antigen presentation to B cells. DCs in the medullary 
or interfollicular regions of lymph nodes may also capture antigen, such 
as inactivated influenza virus, arriving in lymph and present this to  
B cells, although interaction between such DCs and B cells has not yet 
been visualized60,89. It remains to be determined whether the ability 
of B cells to respond to large antigens is augmented by DC-mediated 
antigen presentation or whether other pathways such as proteolysis are 
more important mechanisms for achieving B cell exposure to antigens 
that do not travel passively to the SCS.

remove macrophages from the lymph node and the injection site, any 
decrease in efficiency of antigen delivery to follicles might be compen-
sated for by less antigen clearance and greater availability. Although 
it has been reported that the SCS is not markedly perturbed by mac-
rophage ablation47, a more detailed assessment is needed to rule out 
the possibility that gaps are left at the sites of the ablated macrophages. 
Future studies with systems that allow more selective ablation or pertur-
bation of SCS macrophages will help to further elucidate the importance 
of these cells in various types of antibody responses.

Conduits and follicular access of small soluble antigens
In contrast to particulate antigens, small soluble unopsonized antigens 
bypass SCS macrophages and gain direct access to the follicle (Fig. 3). 
Lymphoid tissues contain a network of collagen-rich fibers ensheathed 
by fibroblastic reticular cells, called ‘conduits’42. The fibers are not 
tightly packed, and conduits contain spaces that allow passage of lymph 
and molecules with a dynamic radius of less than ~5.5 nm (molecular 
size, ~70 kilodaltons) through the tissue parenchyma29,42. Conduits 
are most abundant in the T cell zone and interfollicular regions, and 
tracer studies indicate that the direction of flow in conduits is from the 
SCS to high endothelial venules (HEVs). These structures may facili-
tate the delivery of some of the lymph fluid arriving in lymph nodes 
to venules for return to circulation29,42. By passing through conduits, 
small proteins such as chemokines can travel rapidly from the lymph to 
HEVs29,42. It seems likely that small antigens are delivered in a similar 
way to HEVs, which would facilitate their encounter by entering B 
cells, although this has not been tested directly. Tracer molecules are 
also delivered to cortical sinuses30,70,77, and conduits may help supply 
these sinuses with the lymph flow needed to promote the passage of 
egressing lymphocytes from cortical sinuses to medullary sinuses18. 
In the developing lymph node, conduits are similarly abundant in the 
nascent follicle and T cell area, but as B cells arrive and the follicle 
develops, some of the fibroblastic reticular cells and associated con-
duits are pushed aside and FDCs take their place in the center of the 
follicle78. However, some conduits remain and may have a role in the 
delivery of small antigens to B cells and the FDC network78,79 (Fig. 
3). Other work has suggested that small protein antigens gain direct 
access to the follicle, moving in a front from the SCS80, perhaps gain-
ing access via junctions between LYVE1+ SCS-lining cells and SCS 
macrophages39. It seems possible that small antigens access follicles 
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Figure 3  Multiple modes for the encounter of follicular B cells with antigen.  The modes by which 
particulate antigens (such as immune complexes and viral particles; a), soluble antigens of small 
hydrodynamic radius (in some cases released from large antigens by proteolysis; b), or antigens too large 
to enter passively into lymphatic vessels (c) encounter B cells. (a) Antigen is captured and displayed by 
SCS macrophages and then is encountered directly by cognate B cells or is transported by noncognate 
B cells to FDCs for later encounter with cognate B cells. (b) Antigen accesses the follicle via gaps in the 
SCS lining or via conduits and is then encountered by cognate B cells. (c) Antigen is carried into the 
follicle-proximal cortex inside DCs, is recycled to their cell surface and is encountered by cognate B cells. 
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proteolyzed or removed by phagocytic cells. In agreement with this 
hypothesis, follicular stromal cells have high expression of serpin-a1 
(α1-antitrypsin), a protease inhibitor93,94. The physical isolation of 
FDCs in follicles necessitates mechanisms for antigen to travel from the 
first point of capture to the FDC. Early studies postulated the involve-
ment of B cells95,96, myeloid cells or FDC precursors54 in this transport. 
Imaging studies have shown that noncognate B cells capture immune 
complexes from SCS macrophages in a CR1/2-dependent way and then 
migrate through the follicle with complexes attached at their uropods 
(Fig. 3). The delivery of immune complexes to FDCs is less efficient in 
mice in which B cells lack CR1/2 (ref. 41), and an in vitro experiment 
has shown that B cells loaded with opsonized gold particles give the 
particles up to FDCs96. This may occur as a consequence of the much 
higher CR1/2 expression by FDCs than by B cells91.

B cells may also capture immune complexes in the blood and carry 
them into lymphoid tissues for unloading on FDCs. As well as CR1/2-
based capture, B cell can use the low-affinity FcεR CD23 in mice with 
large amounts of antigen-specific IgE97. When B cells lack CR1/2, the 
movement of IgG-containing immune complexes to FDC networks is 
less efficient but is not blocked. The continued delivery might reflect 
a contribution of B cell FcγRIIb or the involvement of additional anti-
gen-transporting cell types. Moreover, the dominant antigen-transport 
pathway may vary depending on the properties of the antigen, such as 
their content of ligands for Toll-like receptors. Exposure to lipopoly-
saccharide causes splenic marginal zone metallophilic macrophages to 
migrate rapidly into follicles98, and such movement can be observed in 
lymph nodes, although the effect is less prominent (T.G. Phan and J.G.C., 
unpublished data). Slow movement of SCS macrophages into follicles 
has also been reported after immunization with antigen in adjuvant58,99. 
Thus, under some conditions, SCS macrophages themselves may deliver 
immune complexes to FDCs.

Evidence that FDC-displayed antigen drives B cell responses is 
extensive1,2,92. Cognate B cells have been visualized capturing phyco-
erythrin-coupled antigen from the surface of FDCs15. This visualiza-
tion was facilitated by the use of high-affinity B cells, and acquisition 
occurred rapidly (~6.5 min of contact time). For low-affinity B cells, 
antigen acquisition was enhanced by CR1/2 expression on the B cell15. 
Consistent with the ability of FDCs to display opsonized antigens for 
long periods90, FDC-retained antigen was available for acquisition by 
naive B cells over a 9-day period15. By this late time point, the follicles 
often showed GC responses, which suggested that naive B cells were able 
to access antigen displayed on FDCs in GCs, in agreement with evidence 
that GC light zones are open for the entry of naive B cells100.

Ongoing immune complex delivery helps drive the GC response
GCs are antigen-driven structures that form in the follicle center, acquir-
ing a light zone centered over the FDC network—orientated toward 
sites of antigen entry—and a dark zone that extends toward the T cell 
area. GCs take about a week to form and can last for many weeks101. 
GC B cells migrate within the confines of the GC at speeds similar to 
those of naive B cells but have a probing, dendritic morphology that 
gives them a much larger surface area and greater opportunity for anti-
gen encounter13,100,102. Although cells have been observed pausing 
for long periods in the FDC network, for the most part the cells seem 
to continually move over and through the FDC network. These data 
might suggest continual binding and ripping off of antigen from FDCs 
as the cells move, similar to the antigen capture witnessed for naive  
B cells15, but actual visualization of antigen capture by GC B cells has not 
yet been achieved. Naive B cells have been visualized ferrying immune 
complexes into GCs, and when they lack CR1/2, there is less deposition 
of immune complexes on light-zone FDCs and less effective selection 

Antigen delivery to and capture from FDCs
FDCs have a prominent role in the capture and display of opsonized 
antigens, having the unique property of retaining them on their sur-
face for long periods2,90. In primary follicles, FDCs have very high 
expression of complement receptors 1 and 2 (called ‘CR1/2’ here); 
within GCs they also express FcγRIIb2. Unlike macrophages and DCs, 
they express few pattern-recognition receptors and have little ability 
to capture nonopsonized antigens2. The classical pathway of comple-
ment activation ensures that once specific IgM or IgG is available, 
even small soluble antigens can be coated with breakdown products 
of complement component C3 (C3b, iC3b and C3d)91. Many com-
plex antigens can be engaged by the alternative or lectin pathways of 
complement activation, which allows opsonization before the avail-
ability of specific antibody. Polymeric antigens and pathogen surfaces 
are sometimes bound by pre-existing polyreactive (natural) antibodies. 
As early as 2–3 days into a primary response to pathogens containing 
T cell–independent antigens, specific antibody can be induced. Thus, 
there are many ways that particulate antigens can become opsonized 
during primary exposure, and for most infections in humans, some 
form of the pathogen has been encountered before (prior infection or 
vaccination), allowing opsonization by pre-existing antibody. Thus, 
FDCs are involved from the outset or quickly become involved in 
the capture and display of antigen during most immune responses. 
Although mice selectively deficient in FDCs have not been studied, 
mice lacking CR1/2 in FDCs are compromised in antibody responses 
to a variety of antigens91.

A notable feature of the FDC network is that it is located centrally 
in the follicle and typically does not extend to the SCS, interfollicular 
regions or T cell zone92. The logic for this separation of FDCs from the 
sites of earliest antigen capture has not been defined. Perhaps being 
centered in the follicle and not in substantial contact with macrophages, 
DCs or circulatory fluids provide a protected environment in which 
opsonized antigens can be displayed for long periods without being 

nature immunology  volume 11   number 11   november 2010	 993

Head

Tail 

Opsonized 
antigen

SCS MΦ

SCS-lining 
cell

B cell

1. Translocation

Medullary 
MΦ

2. Transcytosis

Figure 4  Models for the translocation of opsonized particulate antigen 
from the sinus to the follicular surface of the SCS macrophage. Particles 
in the lymph percolate through the SCS and some are captured by 
unknown receptors on the SCS macrophage, whereas excess material 
reaches medullary sinuses and is phagocytosed and degraded by medullary 
macrophages. In model 1 (top right), particulate antigen is retained 
on the SCS macrophage surface, undergoes fragmentation and moves 
unidirectionally on the cell surface by unknown mechanisms from the SCS 
to the follicle, where it is displayed to migrating B cells. In model 2 (bottom 
right), the particulate antigen is endocytosed into vesicles, transported 
directionally within the cell and then returned to the cell surface for display. 
Over a period of hours, antigen that is not removed by migrating B cells is 
probably degraded by the SCS macrophage.
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display by primary follicle FDCs is facilitated not only by specialized 
properties of these cells but also by the inner follicle’s being an ‘antigen 
sanctuary’, protected from circulating proteases and migrating phago-
cytes. Finally, the existence of multiple overlapping mechanisms that 
facilitate encounters between B cells and antigens may help to ensure 
that pathogens have difficulty in outmaneuvering this crucial first step 
of the humoral response.
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Summary
One goal of gaining greater understanding of how B cells encounter and 
respond to antigen is the ability to design better vaccines. With this view 
in mind, it is worthwhile to try to put the knowledge discussed in this 
review to work and imagine the pathways that ensure B cell encounter 
with and response to an important vaccine. The hepatitis B vaccine was 
the first recombinant vaccine and is now being used as a platform for the 
development of other vaccines104. It is generated by expression of hepa-
titis B surface antigen (HBsAg) in yeast, yielding HBsAg particles 20–22 
nm in diameter that are collected and prepared in alum adjuvant for 
intramuscular injection105,106. After primary immunization, particles of 
this size can be expected to gain efficient access to local lymphatics, and 
some arrive within minutes to the draining lymph node SCS. Given their 
yeast origin, the particles probably become opsonized through lectin and 
alternative complement pathways. SCS macrophages can be expected to 
capture the particles through a combination of receptors and transport 
them from the sinus for transient surface display on their follicular pro-
cesses. Follicular B cells already moving over the macrophage processes 
immediately begin capturing the particles using CR1/2 and transport 
them through the follicle, delivering them to FDCs. Some antigen is also 
proteolyzed and able to travel into the follicle through the sinus floor 
or via conduits. Within the first hours of immunization, rare cognate 
B cells encounter the particles on the SCS macrophage processes, but 
at later times greater amounts are accessible on the FDC network. In 
the primary response, during which the few available cognate B cells 
have low-affinity B cell antigen receptors for HBsAg, B cell activation 
is more effective when intact particles, rather than soluble antigens, 
are encountered. Membrane-bound arrays of opsonized particles are 
particularly effective at engaging low-affinity B cells. The ‘depot’ effect 
of the adjuvant ensures that particles continue to drain to the lymph 
node for many hours, perhaps even days, keeping SCS macrophages ‘in 
play’ for a sustained period. Cognate B cells that capture antigen go on 
to produce antibody several days later, and this serves to improve the 
capture and deposition of the remaining HBsAg particles on the FDCs. 
By this stage, some B cells have received signals to differentiate into GC 
B cells, and after downregulating EBI2, they move to the follicle center 
and migrate in close association with the antigen-bearing FDC network. 
The continued relay of remaining antigen as IgG-coated immune com-
plexes from the SCS to the GC, in part by follicular B cells, helps drive 
the affinity maturation of antibody. In a booster immunization, these 
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Of course, many aspects of this hypothetical response may turn out to 
be incorrect or oversimplified, and much more work needs to be done 
before accurate modeling will be possible. One implication of the work 
cited here is that intentional targeting of antigens to SCS macrophages 
may be a means to augment antibody responses, and there is some pre-
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noncognate antigen from the exposed outer follicle to the follicle cen-
ter. An idea that merits further investigation is that prolonged antigen 

994	 volume 11   number 11   november 2010   nature immunology

revie  w
©

 2
01

0 
N

at
u

re
 A

m
er

ic
a,

 In
c.

  A
ll 

ri
g

h
ts

 r
es

er
ve

d
.



F4/80. Relationship between macrophages, Langerhans cells, reticular cells, and 
dendritic cells in lymphoid and hematopoietic organs. J. Exp. Med. 158, 1522–1536 
(1983).

56.		 Thery, C., Ostrowski, M. & Segura, E. Membrane vesicles as conveyors of immune 
responses. Nat. Rev. Immunol. 9, 581–593 (2009).

57.		 Probst, H.C. et al. Histological analysis of CD11c-DTR/GFP mice after in vivo deple-
tion of dendritic cells. Clin. Exp. Immunol. 141, 398–404 (2005).

58.		 Martinez-Pomares, L. et al. Fc chimeric protein containing the cysteine-rich domain 
of the murine mannose receptor binds to macrophages from splenic marginal zone 
and lymph node subcapsular sinus and to germinal centers. J. Exp. Med. 184, 
1927–1937 (1996).

59.		 Martinez-Pomares, L. et al. Cell-specific glycoforms of sialoadhesin and CD45 are 
counter-receptors for the cysteine-rich domain of the mannose receptor. J. Biol. 
Chem. 274, 35211–35218 (1999).

60.		 Gonzalez, S.F. et al. Capture of influenza by medullary dendritic cells via SIGN-R1 is 
essential for humoral immunity in draining lymph nodes. Nat. Immunol. 11, 427–434 
(2010).

61.		 Sloop, C.H., Dory, L. & Roheim, P.S. Interstitial fluid lipoproteins. J. Lipid Res. 28, 
225–237 (1987).

62.		 Norbury, C.C., Malide, D., Gibbs, J.S., Bennink, J.R. & Yewdell, J.W. Visualizing prim-
ing of virus-specific CD8+ T cells by infected dendritic cells in vivo. Nat. Immunol. 
3, 265–271 (2002).

63.		 Iannacone, M. et al. Subcapsular sinus macrophages prevent CNS invasion on periph-
eral infection with a neurotropic virus. Nature 465, 1079–1083 (2010).

64.		 Hickman, H.D. et al. Direct priming of antiviral CD8+ T cells in the peripheral interfol-
licular region of lymph nodes. Nat. Immunol. 9, 155–165 (2008).

65.		 Chtanova, T. et al. Dynamics of T cell, antigen-presenting cell, and pathogen interac-
tions during recall responses in the lymph node. Immunity 31, 342–355 (2009).

66.		 Barral, P. et al. CD169+ macrophages present lipid antigens to mediate early activa-
tion of iNKT cells in lymph nodes. Nat. Immunol. 11, 303–312 (2010).

67.		 Eloranta, M.L. & Alm, G.V. Splenic marginal metallophilic macrophages and marginal 
zone macrophages are the major interferon-α/β producers in mice upon intravenous 
challenge with herpes simplex virus. Scand. J. Immunol. 49, 391–394 (1999).

68.		 Coro, E.S., Chang, W.L. & Baumgarth, N. Type I IFN receptor signals directly stimulate 
local B cells early following influenza virus infection. J. Immunol. 176, 4343–4351 
(2006).

69. 	 Swanson, C.L. et al. Type I IFN enhances follicular B cell contribution to the T cell-
independent antibody response. J. Exp. Med. 207, 1485–1500 (2010).

70.		 Sixt, M. et al. The conduit system transports soluble antigens from the afferent lymph 
to resident dendritic cells in the T cell area of the lymph node. Immunity 22, 19–29 
(2005).

71.		 Irjala, H. et al. Mannose receptor is a novel ligand for L-selectin and mediates lympho-
cyte binding to lymphatic endothelium. J. Exp. Med. 194, 1033–1042 (2001).

72.		 Prevo, R., Banerji, S., Ni, J. & Jackson, D.G. Rapid plasma membrane-endosomal 
trafficking of the lymph node sinus and high endothelial venule scavenger receptor/
homing receptor stabilin-1 (FEEL-1/CLEVER-1). J. Biol. Chem. 279, 52580–52592 
(2004).

73.		 Cohen, J.N. et al. Lymph node-resident lymphatic endothelial cells mediate periph-
eral tolerance via Aire-independent direct antigen presentation. J. Exp. Med. 207, 
681–688 (2010). 

74.		 Gardner, J.M. et al. Deletional tolerance mediated by extrathymic Aire-expressing 
cells. Science 321, 843–847 (2008).

75.		 Gardner, J.M., Fletcher, A.L., Anderson, M.S. & Turley, S.J. AIRE in the thymus and 
beyond. Curr. Opin. Immunol. 21, 582–589 (2009).

76.		 Delemarre, F.G., Kors, N. & van Rooijen, N. The in situ immune response in popliteal 
lymph nodes of mice after macrophage depletion. Differential effects of macrophages 
on thymus-dependent and thymus-independent immune responses. Immunobiology 
180, 395–404 (1990).

77.		 Anderson, A.O. & Shaw, S. T cell adhesion to endothelium: the FRC conduit system 
and other anatomic and molecular features which facilitate the adhesion cascade in 
lymph node. Semin. Immunol. 5, 271–282 (1993).

78.		 Bajenoff, M. & Germain, R.N. B-cell follicle development remodels the conduit 
system and allows soluble antigen delivery to follicular dendritic cells. Blood 114, 
4989–4997 (2009).

79.		 Roozendaal, R. et al. Conduits mediate transport of low-molecular-weight antigen to 
lymph node follicles. Immunity 30, 264–276 (2009).

80.		 Pape, K.A., Catron, D.M., Itano, A.A. & Jenkins, M.K. The humoral immune response 
is initiated in lymph nodes by B cells that acquire soluble antigen directly in the 
follicles. Immunity 26, 491–502 (2007).

81.		 Sette, A. et al. Selective CD4+ T cell help for antibody responses to a large viral 
pathogen: deterministic linkage of specificities. Immunity 28, 847–858 (2008).

82.		 Delamarre, L., Pack, M., Chang, H., Mellman, I. & Trombetta, E.S. Differential 
lysosomal proteolysis in antigen-presenting cells determines antigen fate. Science 
307, 1630–1634 (2005).

83.		 Bergtold, A., Desai, D.D., Gavhane, A. & Clynes, R. Cell surface recycling of inter-
nalized antigen permits dendritic cell priming of B cells. Immunity 23, 503–514 
(2005).

84.		 Kwon, D.S., Gregorio, G., Bitton, N., Hendrickson, W.A. & Littman, D.R. DC-SIGN-
mediated internalization of HIV is required for trans-enhancement of T cell infection. 
Immunity 16, 135–144 (2002).

85.		 MacPherson, G., Kushnir, N. & Wykes, M. Dendritic cells, B cells and the regulation 
of antibody synthesis. Immunol. Rev. 172, 325–334 (1999).

86.		 Colino, J., Shen, Y. & Snapper, C.M. Dendritic cells pulsed with intact Streptococcus 

25.		 Pereira, J.P., An, J., Xu, Y., Huang, Y. & Cyster, J.G. Cannabinoid receptor 2 medi-
ates the retention of immature B cells in bone marrow sinusoids. Nat. Immunol. 10, 
403–411 (2009).

26.		 Cyster, J.G. Chemokines, sphingosine-1-phosphate, and cell migration in secondary 
lymphoid organs. Annu. Rev. Immunol. 23, 127–159 (2005).

27.		 Reif, K. et al. Balanced responsiveness to chemoattractants from adjacent zones 
determines B-cell position. Nature 416, 94–99 (2002).

28.		 Okada, T. & Cyster, J.G. B cell migration and interactions in the early phase of anti-
body responses. Curr. Opin. Immunol. 18, 278–285 (2006).

29.		 Lammermann, T. & Sixt, M. The microanatomy of T-cell responses. Immunol. Rev. 
221, 26–43 (2008).

30.		 Gretz, J.E., Anderson, A.O. & Shaw, S. Cords, channels, corridors and conduits: 
critical architectural elements facilitating cell interactions in the lymph node cortex. 
Immunol. Rev. 156, 11–24 (1997).

31.		 Swartz, M.A., Hubbell, J.A. & Reddy, S.T. Lymphatic drainage function and its 
immunological implications: from dendritic cell homing to vaccine design. Semin. 
Immunol. 20, 147–156 (2008).

32.		 Manolova, V. et al. Nanoparticles target distinct dendritic cell populations according 
to their size. Eur. J. Immunol. 38, 1404–1413 (2008).

33.		 Catron, D.M., Pape, K.A., Fife, B.T., van Rooijen, N. & Jenkins, M.K. A protease-
dependent mechanism for initiating T-dependent B cell responses to large particulate 
antigens. J. Immunol. 184, 3609–3617 (2010).

34.		 Shinohara, H. Lymphatic system of the mouse diaphragm: morphology and function 
of the lymphatic sieve. Anat. Rec. 249, 6–15 (1997).

35.		 Hsu, K.M., Pratt, J.R., Akers, W.J., Achilefu, S.I. & Yokoyama, W.M. Murine cyto-
megalovirus displays selective infection of cells within hours after systemic admin-
istration. J. Gen. Virol. 90, 33–43 (2009).

36.		 Chtanova, T. et al. Dynamics of neutrophil migration in lymph nodes during infection. 
Immunity 29, 487–496 (2008).

37.		 Amino, R. et al. Quantitative imaging of Plasmodium transmission from mosquito to 
mammal. Nat. Med. 12, 220–224 (2006).

38.		 Clark, S.L. The reticulum of lymph nodes in mice studied with the electron micro-
scope. Am. J. Anat. 110, 217–257 (1962).

39.		 Fossum, S. The architecture of rat lymph nodes. IV. Distribution of ferritin and colloi-
dal carbon in the draining lymph nodes after foot-pad injection. Scand. J. Immunol. 
12, 433–441 (1980).

40.		 Farr, A.G., Cho, Y. & De Bruyn, P.P. The structure of the sinus wall of the lymph node 
relative to its endocytic properties and transmural cell passage. Am. J. Anat. 157, 
265–284 (1980).

41.		 Phan, T.G., Grigorova, I., Okada, T. & Cyster, J.G. Subcapsular encounter and com-
plement-dependent transport of immune complexes by lymph node B cells. Nat. 
Immunol. 8, 992–1000 (2007).

42.		 Gretz, J.E., Norbury, C.C., Anderson, A.O., Proudfoot, A.E. & Shaw, S. Lymph-borne 
chemokines and other low molecular weight molecules reach high endothelial venules 
via specialized conduits while a functional barrier limits access to the lymphocyte 
microenvironments in lymph node cortex. J. Exp. Med. 192, 1425–1440 (2000).

43.		 Fossum, S. & Vaaland, J.L. The architecture of rat lymph nodes. I. Combined light and 
electron microscopy of lymph node cell types. Anat. Embryol. (Berl.) 167, 229–246 
(1983).

44.		 Crocker, P.R. & Gordon, S. Mouse macrophage hemagglutinin (sheep erythrocyte 
receptor) with specificity for sialylated glycoconjugates characterized by a monoclonal 
antibody. J. Exp. Med. 169, 1333–1346 (1989).

45.		 Delemarre, F.G., Kors, N., Kraal, G. & van Rooijen, N. Repopulation of macrophages 
in popliteal lymph nodes of mice after liposome-mediated depletion. J. Leukoc. Biol. 
47, 251–257 (1990).

46.		 Carrasco, Y.R. & Batista, F.D. B cells acquire particulate antigen in a macrophage-rich 
area at the boundary between the follicle and the subcapsular sinus of the lymph 
node. Immunity 27, 160–171 (2007).

47.		 Junt, T. et al. Subcapsular sinus macrophages in lymph nodes clear lymph-borne 
viruses and present them to antiviral B cells. Nature 450, 110–114 (2007).

48.		 Mebius, R.E., Hendriks, H.R., Breve, J. & Kraal, G. Macrophages and the activity of 
high endothelial venules. The effect of interferon-γ. Eur. J. Immunol. 20, 1615–1618 
(1990).

49.		 Mebius, R.E., Streeter, P.R., Breve, J., Duijvestijn, A.M. & Kraal, G. The influence of 
afferent lymphatic vessel interruption on vascular addressin expression. J. Cell Biol. 
115, 85–95 (1991).

50.		 Phan, T.G., Green, J.A., Gray, E.E., Xu, Y. & Cyster, J.G. Immune complex relay by 
subcapsular sinus macrophages and noncognate B cells drives antibody affinity 
maturation. Nat. Immunol. 10, 786–793 (2009).

51.		 Mohr, E. et al. Dendritic cells and monocyte/macrophages that create the IL-6/APRIL-
rich lymph node microenvironments where plasmablasts mature. J. Immunol. 182, 
2113–2123 (2009).

52.		W itmer-Pack, M.D. et al. Identification of macrophages and dendritic cells in the 
osteopetrotic op/op mouse. J. Cell Sci. 104, 1021–1029 (1993).

53.		 Nossal, G.J., Ada, G.L., Austin, C.M. & Pye, J. Antigens in immunity. 8. Localization 
of 125-I-labelled antigens in the secondary response. Immunology 9, 349–357 
(1965).

54.		 Szakal, A.K., Holmes, K.L. & Tew, J.G. Transport of immune complexes from 
the subcapsular sinus to lymph node follicles on the surface of nonphagocytic 
cells, including cells with dendritic morphology. J. Immunol. 131, 1714–1727 
(1983).

55.		 Hume, D.A., Robinson, A.P., MacPherson, G.G. & Gordon, S. The mononuclear phago-
cyte system of the mouse defined by immunohistochemical localization of antigen 

nature immunology  volume 11   number 11   november 2010	 995

revie  w
©

 2
01

0 
N

at
u

re
 A

m
er

ic
a,

 In
c.

  A
ll 

ri
g

h
ts

 r
es

er
ve

d
.



996	 volume 11   number 11   november 2010   nature immunology

immune complexes to the follicle of the spleen. J. Immunol. 180, 6604–6610 
(2008).

98.		 Kraal, G. & Mebius, R. New insights into the cell biology of the marginal zone of the 
spleen. Int. Rev. Cytol. 250, 175–215 (2006).

99.		 Mueller, C.G. et al. Mannose receptor ligand-positive cells express the metallopro-
tease decysin in the B cell follicle. J. Immunol. 167, 5052–5060 (2001).

100.	 Schwickert, T.A. et al. In vivo imaging of germinal centres reveals a dynamic open 
structure. Nature 446, 83–87 (2007).

101.	 Dogan, I. et al. Multiple layers of B cell memory with different effector functions. 
Nat. Immunol. 10, 1292–1299 (2009).

102.	 Hauser, A.E., Shlomchik, M.J. & Haberman, A.M. In vivo imaging studies shed light 
on germinal-centre development. Nat. Rev. Immunol. 7, 499–504 (2007).

103.	 Song, H., Nie, X., Basu, S. & Cerny, J. Antibody feedback and somatic mutation in 
B cells: regulation of mutation by immune complexes with IgG antibody. Immunol. 
Rev. 162, 211–218 (1998).

104.	 Ballou, W.R. The development of the RTS,S malaria vaccine candidate: challenges 
and lessons. Parasite Immunol. 31, 492–500 (2009).

105.	 Szmuness, W., Stevens, C.E., Zang, E.A., Harley, E.J. & Kellner, A. A controlled 
clinical trial of the efficacy of the hepatitis B vaccine (Heptavax B): a final report. 
Hepatology 1, 377–385 (1981).

106.	 McAleer, W.J. et al. Human hepatitis B vaccine from recombinant yeast. Nature 307, 
178–180 (1984).

107.	 Taylor, P.R. et al. Development of a specific system for targeting protein to metal-
lophilic macrophages. Proc. Natl. Acad. Sci. USA 101, 1963–1968 (2004).

108.	 Kratzer, R., Mauvais, F.X., Burgevin, A., Barilleau, E. & van Endert, P. Fusion proteins 
for versatile antigen targeting to cell surface receptors reveal differential capacity to 
prime immune responses. J. Immunol. 184, 6855–6864 (2010).

pneumoniae elicit both protein- and polysaccharide-specific immunoglobulin isotype 
responses in vivo through distinct mechanisms. J. Exp. Med. 195, 1–13 (2002).

87.		 Qi, H., Egen, J.G., Huang, A.Y. & Germain, R.N. Extrafollicular activation of lymph 
node B cells by antigen-bearing dendritic cells. Science 312, 1672–1676 (2006).

88.		 Lindquist, R.L. et al. Visualizing dendritic cell networks in vivo. Nat. Immunol. 5, 
1243–1250 (2004).

89.		 Cyster, J.G. Visualizing influenza virus capture in the lymph node following vaccina-
tion. Immunol. Cell Biol. 88, 617–619 (2010).

90.		 Tew, J.G. & Mandel, T. The maintenance and regulation of serum antibody levels: 
evidence indicating a role for antigen retained in lymphoid follicles. J. Immunol. 120, 
1063–1069 (1978).

91.		 Carroll, M.C. The role of complement and complement receptors in induction and 
regulation of immunity. Annu. Rev. Immunol. 16, 545–568 (1998).

92.		 Allen, C.D. & Cyster, J.G. Follicular dendritic cell networks of primary follicles 
and germinal centers: phenotype and function. Semin. Immunol. 20, 14–25 
(2008).

93.		 Huber, C. et al. Lymphotoxin-β receptor-dependent genes in lymph node and fol-
licular dendritic cell transcriptomes. J. Immunol. 174, 5526–5536 (2005).

94.		W ilke, G., Steinhauser, G., Grun, J. & Berek, C. In silico subtraction approach reveals 
a close lineage relationship between follicular dendritic cells and BP3(hi) stromal 
cells isolated from SCID mice. Eur. J. Immunol. 40, 2165–2173 (2010).

95.		 Brown, J.C., De Jesus, D.G., Holborow, E.J. & Harris, G. Lymphocyte-mediated trans-
port of aggregated human γ-globulin into germinal centre areas of normal mouse 
spleen. Nature 228, 367–369 (1970).

96.		 Heinen, E. et al. Transfer of immune complexes from lymphocytes to follicular den-
dritic cells. Eur. J. Immunol. 16, 167–172 (1986).

97.		 Hjelm, F., Karlsson, M.C. & Heyman, B. A novel B cell-mediated transport of IgE-

revie  w
©

 2
01

0 
N

at
u

re
 A

m
er

ic
a,

 In
c.

  A
ll 

ri
g

h
ts

 r
es

er
ve

d
.


	B cell follicles and antigen encounters of the third kind
	Main
	Acknowledgements
	References




