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Subcapsular encounter and complement-dependent
transport of immune complexes by lymph node B cells

Tri Giang Phan!, Irina Grigorova!, Takaharu Okadal? & Jason G Cyster!

The mechanism of B cell-antigen encounter in lymphoid tissues is incompletely understood. It is also unclear how immune
complexes are transported to follicular dendritic cells. Here, using real-time two-photon microscopy we noted rapid delivery

of immune complexes through the lymph to macrophages in the lymph node subcapsular sinus. B cells captured immune
complexes by a complement receptor-dependent mechanism from macrophage processes that penetrated the follicle and
transported the complexes to follicular dendritic cells. Furthermore, cognate B cells captured antigen-containing immune
complexes from macrophage processes and migrated to the T zone. Our findings identify macrophages lining the subcapsular
sinus as an important site of B cell encounter with immune complexes and show that intrafollicular B cell migration facilitates
the transport of immune complexes as well as encounters with cognate antigen.

An essential first step in antibody responses is for B cells to come in
contact with the antigen. At any time, most B cells in the body are
situated in lymphoid follicles in secondary lymphoid tissues. In
lymph nodes, follicles are located immediately beneath the subcap-
sular sinus (SCS). Early studies of antigen capture in lymph nodes
showed that much of the antigen is degraded in the medullary region
but smaller amounts arrive in the lymphoid follicles and can be
retained there on follicular dendritic cells (FDCs) for long periods'~>.
This retention is most prominent when the antigen is able to form
immune complexes®>, and the principal receptor systems involved in
retaining antigens on FDCs are the complement receptors CR1 and

@CRZ (which bind active C3 and C4) and Fcy receptor II (FcyRII)%7.

@V Separate studies have established that antigen in the form of

immune complexes is typically more potent than free antigen in
promoting antibody responses®. Thus, a model has emerged in which
B cells travel to follicles to ‘survey’ for antigen displayed on the
surfaces of FDCs.

As FDCs expressing CR1 and CR2 are situated in the central region
of lymphoid follicles, the issue arises of how immune complexes
that arrive in the SCS of the lymph node are delivered to FDCs.
Studies have indicated that immune complexes do not travel freely
into the parenchyma of lymphoid tissues>®'!. In contrast to the fate
of antigens captured by medullary macrophages, antigens or immune
complexes captured by macrophages in SCS regions adjacent to
follicles are not rapidly degraded>®. Some of these SCS macrophages
have been noted to extend from the SCS into the follicle and others
have been found in the follicle, and the idea of an antigen-transport
cell has emerged>>*!2, In time-course experiments of many hours’
duration, macrophages have been noted to move from a subcapsular

location into the center of the follicle after some types of immuniza-
tion!>14, However, such experiments have not directly demonstrated
the contribution of migrating macrophages or other cell types to the
transport of immune complexes and their deposition on FDCs.

Although immune complexes are displayed for prolonged periods
on the surfaces of FDCs, it has remained unclear whether these cells
are the main site of antigen encounter in lymphoid tissues. Additional
modes of B cell-antigen encounter include direct binding of diffusing
soluble antigen'® and encounter with intact antigen displayed by
classical DCs!6. In addition to their physical proximity to FDCs,
follicular B cells have close proximity to SCS macrophages®?.
However, the extent to which B cells capture antigen or immune
complexes from SCS macrophages has not been directly assessed.

Here we have taken advantage of the ability of deep-tissue
two-photon microscopy and in vivo—generated brightly fluorescent
phycoerythrin-labeled immune complexes (PE-ICs) to allow tracking
of the capture and transport of immune complexes in real time. We
demonstrate that SCS macrophages rapidly captured PE-ICs from the
afferent lymphatic flow. Many of these cells projected large processes
across the floor of the SCS into the follicle, and PE-ICs were delivered
along the length of these processes. B cells captured immune com-
plexes from macrophage processes and then carried the complexes
through the follicle. The capture of immune complexes by B cells and
their delivery to FDCs required the expression of complement
receptors by the B cells. We thus identify follicular B cells as
antigen-transport cells. Finally, antigen-specific B cells were able to
encounter immune complexes on SCS macrophage processes through
their B cell antigen receptor (BCR) and then migrate to the T zone—
B zone boundary.
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Figure 1 Deposition of PE-ICs occurs in distinct
phases. Localization of immune complexes
containing phycoerythrin, 1gG anti-phycoerythrin
and complement (PE-ICs) at 15 min, 2 h, 8 h
and 24 h after phycoerythrin injection.

(a) Confocal microscopy of draining lymph nodes
stained with anti-CD35 (green) and anti-B220
(blue). Scale bar, 20 um. Data are representative
of follicles from five inguinal lymph nodes
analyzed in three experiments. (b) Microscopy

of draining lymph nodes collected 2 h after
phycoerythrin injection and stained with anti-
MOMA-1 (green) and anti-LyVE-1 (blue) for the
identification of sinus-lining cells that had
captured PE-ICs. The SCS is lined by a
discontinuous layer of LyVE-1* cells interrupted
by MOMA-1* macrophages. The boxed area at left
(bottom row) is enlarged at right, which shows
PE-ICs captured on the ‘head’ of a macrophage
located in the lumen of the SCS and extending a
long process (‘tail’) through the LyVE-1* cell layer
into the follicle. The large cell process marked
with an asterisk connects to a luminal ‘head’
region in a deeper zplane. Scale bars, 20 pm.
Data are representative of three experiments.

phycoerythrin. We first passively immunized
mice with polyclonal antibodies specific for
phycoerythrin and then gave them a subcu-
taneous injection of phycoerythrin to gener-
ate PE-ICs in vivo. This strategy resulted in
robust complement-dependent deposition of

RESULTS PE-ICs containing phycoerythrin, antibody to phycoerythrin (anti-
Kinetics of the appearance of immune complexes PE) and complement C3 (Supplementary Fig. 1 online). Within
To develop a method that would allow the identification of the cells 15 min of injection, we detected phycoerythrin signal in the sub-
involved in the transport of immune complexes to FDCs, we sought to  capsular region of the draining lymph node (Fig. 1a). By 2 h, the
determine whether we could track the appearance and deposition phycoerythrin signal had increased and both the subcapsular macro-
of immune complexes containing the brightly fluorescent protein  phages (Fig. 1) and the medullary macrophages (data not shown) had
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Figure 2 Kinetics of the capture of PE-ICs by B cells in the follicle. (a) Microscopy of draining lymph nodes collected 2 h after phycoerythrin injection and
stained with anti-MOMA-1 (green) and anti-B220 (blue) to show PE-ICs on B cells near the SCS. Boxed area at left is enlarged at right. Arrow (right)
indicates a macrophage process loaded with PE-ICs extending into the follicle. Scale bars, 20 um. Data are representative of follicles from five inguinal
lymph nodes in three experiments. (b) ‘Pseudo-color’ plots gated on CD19* B cells, showing the phycoerythrin signal on Ly5.1* B cells from mice given
PE-ICs and control Lyb.1~ B cells (added ex vivo). Numbers in quadrants indicate percent cells in each. Data are representative of at least five inguinal
lymph nodes from two experiments. (c) Ratio of the geometric mean fluorescent intensity (MFI) of the phycoerythrin signal on Ly5.1* B cells to that on
Ly5.1~ control B cells (filled circles; blue bars) and percent phycoerythrin-positive (PE*) cells (open circles; red bars) with the gates in a. To account for the
ex vivo capture of PE-ICs, the percent phycoerythrin-positive cells was calculated by subtraction of the percent Ly5.1~ control B cells that had acquired
phycoerythrin from the percent Ly5.1* B cells from phycoerythrin-injected mice that had acquired phycoerythrin. Each data point (circle) represents one

inguinal lymph node; bars indicate the mean. Data are pooled from two experiments.
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ecome heavily labeled. By 8 h, phycoerythrin was readily detectable
on CD35" FDCs and the signal continued to accumulate on FDCs
over the next 16 h while mostly disappearing from the subcapsular
region. To more closely examine the deposition and location of the
early accumulating PE-ICs, we stained sections for MOMA-1, a
marker of SCS macrophages, and for LyVE-1, a lymphatic marker!”
that is weakly expressed by the cells that line the SCS (Fig. 1b). By
confocal microscopy it was evident that the subcapsular wall was
composed of discontinuous rows of subcapsular macrophages inter-
digitated with LyVE-1* subcapsular lining cells, with parts of the
macrophages projecting into the subcapsular sinus (the ‘heads’) and
parts extending across the sinus wall and into the follicle below (the
‘tails’). We found fairly uniform distribution of macrophages with
these characteristics along the sinus. At 2 h after phycoerythrin
injection there was considerable accumulation of PE-ICs on macro-
phage ‘heads’ and smaller amounts of PE-ICs on the intrafollicular
projections of the cells (Fig. 1b). The PE-ICs were often distributed at
the perimeter of the cell processes, most likely displayed on the cell
surface (Fig. 1b), consistent with published findings that SCS macro-
phages are poorly phagocytic>®. We then used intravital two-photon
microscopy to examine the dynamics of the accumulation of PE-ICs
on the SCS macrophages (Supplementary Movie 1 online). Within
5 min of phycoerythrin injection, we detected a steady stream of
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Figure 3 Dynamic capture and transport of
PE-ICs by B cells. (a) Three-dimensional
reconstruction of the follicle imaged in
Supplementary Movie 2. The capsule is faintly
visible in blue (collagen second harmonic);
PE-IC* SCS macrophages are red. Green tracks
represent CFP* cells that come within 10 pm of
the center coordinates of the macrophages; in
some areas these tracks are in such close
proximity with the PE-IC that they appear yellow.
Cyan tracks indicate cells that do not approach
within 10 pm of PE-IC* macrophages. Grid lines
are 20 um apart. Data are representative of three
experiments. (b) Velocities and turning angles of
CFP* B cells imaged 3-4 h after phycoerythrin
injection. Red, cells within 10 um of (and
possibly contacting) PE-IC* macrophages (M
vicinity); green, cells at least 10 um away from
PE-IC* macrophages (M¢ distant); cyan, cells
that do not approach within 10 um of PE-IC*
macrophages during the imaging sequence
(Distant). Triangles indicate median velocity.
Range of median velocity and turning angle (three
experiments): Mo vicinity, 4.4-5.9 um/min and
66-78°%; M¢ distant, 6.2-7.8 um/min and
55-64°; Distant, 6.2-6.8 um/min and 58-61°.
(c) Time-lapse images of a CFP* B cell
approaching and capturing a large immobile
depot of PE-IC (dashed white outlines)
presumably associated with the nearby SCS
macrophage (M¢), as presented in Supplementary
Movie 3. The first three video frames include a
PE-IC in the z-stack above the B cell. Dashed
yellow lines (far right) indicate the position of the
PE-IC in the previous frame. Arrows indicate

the direction of the cell. (d) Time-lapse images
of a migrating CFP* B cell (cyan) carrying a
large PE-IC (red) at its uropod, as presented in
Supplementary Movie 4. Scale bars (c,d),10 pm;
frames are 20 s apart. Data (c,d), are
representative of three experiments.
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bright phycoerythrin fluorescence moving through the SCS in the
fluid (lymph) phase. In some cases we visualized the PE-ICs as large
supramolecular complexes. Very soon after this PE-ICs began to
‘decorate’ cell processes in the floor of the SCS that most likely
corresponded to the ‘heads’ of SCS macrophages. Some cells accu-
mulated PE-ICs more rapidly than others, possibly because they were
better positioned in the lymph flow to capture the larger complexes
as they entered from the afferent lymphatic vessel. Notably, although
SCS macrophages rapidly and extensively captured PE-ICs in real
time, they only rarely left the SCS and migrated deep into the follicle
within the first 8 h after phycoerythrin injection (data not shown).

Follicular B cells capture PE-ICs from SCS macrophages

By close analysis of lymph node sections obtained 2 h after phyco-
erythrin injection, in addition to macrophage labeling, we detected
many ‘specks’ of phycoerythrin signal throughout the region of the
follicle proximal to the SCS (Fig. 1b). In confocal sections also stained
for the B cell marker B220, it seemed that many of these puncta
of phycoerythrin signal were on the surfaces of B cells (Fig. 2a).
Moreover, in some cases, we found B cells in close juxtaposition to
MOMA-1" macrophage processes ‘decorated’ with PE-ICs (Fig. 2a).
Quantitative flow cytometry showed that about 15% of lymph node
B cells were coated with PE-ICs by 2 h and about 40% were coated by
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8 h; this ‘decayed’ to about 10% by 24 h (Fig. 2b,c). In these
experiments, we processed draining lymph nodes together with
untreated Ly5.2 congenic control lymph nodes to exclude the possi-
bility of ex vivo capture of the PE-ICs (Fig. 2b,c).

To examine the migration dynamics of B cells that captured PE-ICs,
we obtained draining lymph nodes from mice in which 0.5-1% of the
follicular B cells expressed cyan fluorescent protein (CFP) under the
control of a B-actin promoter'® and analyzed the lymph nodes by two-
photon microscopy. In time-lapse image sequences collected beginning

A at 3 h after phycoerythrin injection (Supplementary Movie 2 online),

© CFP* B cells were motile and often migrated to the subcapsular region

la.l and contacted several PE-IC-loaded macrophages before returning to

007 Nature Publishing Group http://www.nature.com/natureimmunology

he follicle (Supplementary Movie 2 and Fig. 3a). By tracking analysis,

=" the cells had lower migration velocities and greater turning angles
when in the vicinity of the PE-IC* macrophages, consistent with the
cells undergoing close interactions (Fig. 3a,b). In the subcapsular
region, many motile ‘specks’ of phycoerythrin were visible; some of
these were very large. By focusing in this region, we found that after
coming into contact with SCS macrophages, some of the labeled B cells
had acquired phycoerythrin on their surface (Supplementary Movie 3
online). Rare labeled B cells encountered a large immobile depot of
PE-ICs (most likely macrophage associated) and slowed down before
migrating away with the PE-ICs attached, at least for a short time
(Supplementary Movie 3 and Fig. 3c). Furthermore, by 4 h after
injection of phycoerythrin, follicular B cells had acquired a dendritic
morphology reminiscent of that described for germinal center B cells!
and migrated with PE-ICs attached on their surface, typically most
concentrated at the trailing edge (uropod) of the migrating cell
(Supplementary Movie 4 online and Fig. 3d). Thus, migrating
follicular B cells can serve as antigen-transport cells by transporting
immune complexes from the SCS into the follicle.

B cell capture of PE-ICs depends on complement receptor

As the PE-ICs contained C3 (Supplementary Fig. 1) and all follicular
B cells seemed able to capture PE-ICs, it was likely that they used
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Figure 4 Expression of CR1 and CR2 by B cells is required for PE-IC capture and FDC deposition. (a) ‘Pseudo-color’ plots gated on CD19* B cells, showing
phycoerythrin signals on Ly5.1* chimeric B cells from mice given PE-ICs and control Ly5.1~ B cells (added ex vivo). Numbers in quadrants indicate percent
cells in each. WT, wild-type; BM, bone marrow. Data are representative of five mice analyzed in two experiments. (b) Ratio of the mean fluorescent intensity
of the phycoerythrin signal on Ly5.1* chimeric B cells to that on control Ly5.1~ B cells, and the percent phycoerythrin-positive cells with the gates in a.
Filled circles and blue bars, wild-type bone marrow chimeras; open circles and red bars, Cr27~ bone marrow chimeras. Each data point (circle) represents
one inguinal lymph node; bars indicate the mean. Data are pooled from two independent experiments. (c,d) Microscopy of draining lymph nodes from

bone marrow—chimeric mice (c) or mice deficient in recombination-activating gene 1 (Ragl™") that had received transferred B cells (d); lymph nodes are
stained with anti-CD35 (green) and B220 (blue). Scale bar, 20 um. Data are representative of follicles from four inguinal lymph nodes of each type,

either complement or Fc receptors for this process. To assess the
requirement of B cells for CR1 and CR2, we reconstituted lethally
irradiated wild-type C57BL/6 mice with Cr2~/~ (ref. 20) bone marrow
such that hematopoietic cells lacked these complement receptors,
whereas they continued to be expressed by radiation-resistant FDCs.
Flow cytometry showed considerable impairment in the ability of
B cells deficient in CR1 and CR2 to capture PE-ICs at 2 h and 8 h
(Fig. 4a,b). Notably, their inability to capture PE-ICs resulted in
impaired transport of PE-ICs into the follicle from the subcapsular
space at 2 h and substantial delay in FDC deposition at 8 h (Fig. 4c).
To confirm that the impaired follicular access of PE-ICs was specifi-
cally dependent on expression of CR1 and CR2 by B cells, we isolated
B cells from Cr27~ or wild-type chimeric mice and adoptively
transferred them into C57BL/6 hosts deficient in recombination-
activating gene 1 that lack B cells and T cells. Confocal image analysis
8 h after injection of phycoerythrin into recipients of Cr27/~
B cells showed considerable delay in FDC deposition, as noted for
the Cr27~ radiation chimeras (Fig. 4d). Next we labeled Cr2-/-
and wild-type follicular B cells with the fluorescent dye CFSE
(carboxyfluorescein diacetate succinimidyl ester) and analyzed the
cells by two-photon microscopy. Time-lapse images obtained 3 h
after the injection of phycoerythrin confirmed that B cells deficient in
CR1 and CR2 did not capture PE-ICs, in contrast to wild-type B cells
(Supplementary Movie 5 online). The B cells deficient in CR1 and
CR2 projected dendritic extensions similar to those of wild-type B
cells, suggesting that the morphological change was independent of
B cell-intrinsic complement receptor—derived signals (Supplemen-
tary Movie 5). These findings demonstrate that the capture and
transport of noncognate immune complexes by B cells is complement
receptor-dependent.

B cells capture cognate antigen from SCS macrophages

The efficient capture of PE-ICs by B cells in the subcapsular region
suggested that this may also be a potential site for cognate B cells to
encounter opsonized antigens. To test that possibility, we covalently
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Figure 5 Dynamic capture and transport of immune complexes by cognate B cells. (a) Three-dimensional reconstruction of the follicle imaged in
Supplementary Movie 6. Tracks belong to QM B cells defined in relation to PE-IC* macrophages as in Figure 3a. Grid lines are 20 um apart. The separate
layer of phycoerythrin signal on the left belongs to the SCS of an adjacent follicle. (b) Velocity of cognate QM B cells in the follicle 2nd subcapsular

region. Key is as described in Figure 3b. Triangles indicate median velocity (colors match key): red, 3.6 um/min; green, 4.8 um/min; cyan, 5.1 pm/min.
Similar results were obtained in two experiments. (c) Time-lapse images showing a CFSE-labeled QM B cell (green) carrying large NP-PE-ICs (orange)
capped at the uropod as presented in Supplementary Movie 6. Scale bar, 20 um. Data are representative of two experiments. (d) Velocities of cognate

QM B cells and noncognate CFP* B cells imaged 3 h after injection of NP-PE. Triangles indicate median velocity (in um/min). Similar results were obtained

in two experiments.

conjugated phycoerythrin to the hapten nitrophenyl (NP-PE) and

in vivo. We then fluorescently labeled nitrophenyl-specific B cells from
a ‘quasi-monoclonal’ (QM) mouse?! with CFSE, transferred the cells
together with wild-type CFP* B cells and analyzed them by two-
photon microscopy. Time-lapse images obtained 3 h after injection of
NP-PE showed QM B cells migrating to and slowing down on contact
with SCS macrophages, as noted for noncognate CFP* B cells
(Supplementary Movie 6 online and Fig. 5a,b). However, these
images were notable for the more efficient capture of NP-PE-ICs
from SCS macrophages by QM B cells relative to the capture by
polyclonal CFP* B cells. Indeed, most QM B cells migrated with large
NP-PE-ICs capped at the uropod by 3 h after injection of NP-PE
(Supplementary Movie 6 and Fig. 5¢c). These immune complexes had
a higher image intensity than that noted for immune complexes
carried by noncognate B cells. Cognate B cells, in contrast to poly-
clonal B cells, migrated with less dendritic morphology (Supplemen-
tary Movie 6 and Figs. 3d and 5c). Furthermore, the tracked QM
B cells had lower motility, similar to that described before, at 1-3 h
after BCR ligation of transgenic B cells (Fig. 5d)!°. Flow cytometry
confirmed the rapid and efficient capture of immune complex—coated
antigen by cognate QM B cells (Fig. 6a,b). In comparison to capture
of PE-ICs by both wild-type and QM B cells, which peaked at 8 h
(Fig. 2b and Fig. 6a), capture of NP-PE-ICs by QM B cells was already
maximal by 2 h (Fig. 6a). Moreover, the geometric mean fluorescence

la.l used that to generate NP-PE-labeled immune complexes (NP-PE-ICs)

996

intensity of the phycoerythrin signal at 2 h was much greater for
NP-PE-ICs (about 1,400) than for PE-ICs (about 160), indicating that
QM B cells had captured more cognate immune complexes in a
shorter period of time, as also evident in the real-time two-photon
microscopy (Supplementary Movies 3 and 6). This effect was antigen
specific, as there was no difference in the capture of noncognate
PE-ICs by QM B cells and wild-type B cells (Fig. 6a). Capture of
cognate immune complexes was mediated by the BCR, as about
40-50% of QM B cells had upregulated expression of the costimula-
tory molecule B7.2 (CD86) as early as 8 h, compared with 10-20% at
2 h after injection of NP-PE (Fig. 6b). In contrast, capture of
noncognate PE-ICs by QM B cells over this time period did not
lead to upregulation of B7.2 above the baseline frequency of 10-20%.
In control experiments in which we added CFSE-labeled QM B cells to
lymph node samples during tissue preparation for flow cytometry, we
also noted ex vivo BCR-mediated capture of NP-PE-ICs, but this did
not reach the same extent as that achieved in vivo (Fig. 6¢) and did not
result in induction of B7.2 (Fig. 6d). Finally, QM B cells were excluded
from the follicle and relocalized to the T zone by 24 h after admin-
istration of NP-PE-ICs, consistent with crosslinking of the BCR by
cognate antigen (Fig. 6e). In contrast, QM B cells were evenly
distributed throughout the follicle at 24 h after the administration
of noncognate PE-ICs (Fig. 6e). Thus, SCS macrophages can present
native antigen to naive follicular B cells in the form of immune
complexes and activate the B cells.
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Figure 6 Cognate B cells efficiently capture opsonized antigen from SCS PE-IC
macrophages and become activated. (a) ‘Pseudo-color’ plots of phycoerythrin signal cD4

CD19* cells, excluding CFSE-labeled QM cells used as ex vivo mixing controls; t
above plots indicate isolation time after injection of phycoerythrin or NP-PE.
(b) ‘Pseudo-color’ plots of phycoerythrin signal intensity and CD86 expression on
QM B cells pregated on Ly5.1 as described in a. (c,d) ‘Pseudo-color’ plots of
CD19*Ly5.1* CFSE~ QM B cells from mice containing immune complexes as we

inguinal lymph nodes of each type in two experiments.

DISCUSSION
We have demonstrated here that immune complexes captured by SCS
macrophages are picked up by migrating follicular B cells by means of
CR1 and/or CR2 and are delivered to FDCs, establishing B cells as an
important type of antigen-transport cell in lymph nodes. Our experi-
ments have also shown that B cells can capture cognate antigen by
means of their BCR directly from SCS macrophages. These results add
e to earlier findings to suggest that SCS-associated macrophages are
important in the presentation of immune complexes and possibly
=" other forms of antigen for encounter and capture by follicular B cells.
The mechanism of antigen capture in lymph nodes and delivery
to FDCs has been under investigation for more than 40 years?>?3.
A common theme in early studies was the observation that large
amounts of antigen and immune complexes arriving in lymph nodes
are taken up and degraded by medullary macrophages, whereas
smaller amounts are picked up by cells associated with the SCS".
Notably, the SCS cells have been found to have limited phagocytic
activity, in contrast to the medullary cells, and to retain antigen on
their surface®®. Our findings are in agreement with the conclusion
that the SCS macrophages are poorly phagocytic and instead retain
immune complexes on their surface for hours. Alternatively, the cells
may internalize the complexes and rapidly recycle them back to the
surface, possibly at the opposite pole of the cell. The mechanisms
promoting the retention of immune complexes by these cells are not
yet apparent but may involve FcyRII, a receptor that can allow the
capture and recycling of immune complexes®4, or the C3b receptor
Mac-1 (CDI11b-CD18). Several electron microscopy studies have
noted that the SCS macrophages often penetrate the SCS lining
cells>>12, though it is unclear whether the cells were in transit or
were stably positioned. By combining confocal and dynamic imaging
approaches here, we have been able to establish that many of these

© 2007 Nature Publishing Group http://www.nature.com/natureimmunology
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control CFSE* QM B cells (added ex vivo), showing phycoerythrin signal intensity (c)

and CD86 expression (d). Numbers in quadrants (a—d) indicate percent cells in each. Data are representative of at least five mice in each group in two
experiments. (e) Microscopy of draining lymph nodes stained with Ly5.1 (green) to identify QM cells and either anti-B220 (blue) or anti-CD4 (blue) to
delineate the T zone-B zone boundaries in mice given phycoerythrin or NP-PE 24 h earlier. Scale bar, 20 pm. Data are representative of follicles from four

cells do project through the cellular lining of the SCS and that they are
stably situated in this location.

An important principle that has emerged during studies tracking
the distribution of labeled antigens in lymphoid tissues has been the
existence of a sieving mechanism that limits the access of antigen and
immune complexes to the tissue parenchyma>>!1. A study examining
the distribution of labeled molecules varying in molecular weight and
hydrodynamic radius has concluded that molecules with a hydro-
dynamic radius larger than 5.5 nm (or approximately 70 kilodaltons)
are excluded from freely accessing the parenchyma of the tissue and
that smaller antigens can gain access to fluid-filled conduits but not
the tissue parenchyma!l. Another study has provided evidence that
some types of soluble antigen may gain direct (and selective) access to
the follicle for immediate capture via the BCR of antigen-specific
cells'. This last study pointed out that soluble antigen may have been
missed in earlier work because it was washed away from the tissue
during preparation and staining. The immune complexes we exam-
ined here did not gain free access to the follicle, as they failed to
efficiently ‘decorate’ FDCs when the B cells lacked CR1 and CR2.
Moreover, time-course imaging analysis indicated that the rate of
immune complex spread through the follicle was consistent with the
rate of B cell migration from the SCS region and dispersal through the
follicle. Thus, our findings are consistent with earlier work indicating
that immune complexes and molecules larger than antibodies do not
readily gain free access to follicles and support the conclusion that they
will typically be transported by cells.

Early studies of the capture and deposition of systemic immune
complexes in the spleen provided evidence that they can be detected
on the surface of lymphocytes, some of which seem to be migrating
from the marginal zone into the follicle?>. Several studies have shown
that treatments such as lipopolysaccharide or exposure to pertussis
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toxin, which cause displacement of marginal zone B cells, reduce the
efficiency of immune complex delivery to FDCs?*~28, However, such
treatments also affect other cell types, and such work has not yet
definitively established the idea that marginal zone B cells are the main
immune complex—transport cells in the spleen. The idea that B cells
may be able to transport immune complexes was also indicated by an
early study showing that intravenous transfer of B cells coated with
aggregated immunoglobulin G (IgG) leads to more efficient deposi-
tion of the IgG in splenic follicles than occurs after direct injection of
aggregated 1gG%. Beyond those studies, the function of B cells as
antigen-transport cells in tissues other than the spleen has rarely been
explored. The idea of a ‘conveyer belt’ mechanism for antigen
transport from the SCS to FDCs has been discussed®!?, but at that
time the high motility of B cells was not appreciated and thus their
potential involvement in antigen transport was difficult to envisage.
One electron microscopy study did detect immune complexes on the
surfaces of lymph node B cells shortly after antigen injection and
before their appearance on FDCs*. Our studies have now established
that follicular B cells capture immune complexes in vivo through
surface complement receptors and that such capture is important in
the transport of antigen to FDCs in lymph nodes. Evidence that B cells
that have bound noncognate immune complexes can ‘give up’ the
immune complexes to FDCs has been obtained through in vitro
studies®’. In addition, when mice are injected with antibody specific
for CR1 and CR?2, it is initially concentrated on B cells in the spleen,
but after several hours the antibody becomes concentrated on FDCs
and there is less on B cells*'. FDCs have much more expression of CR1
and CR2 than follicular B cells do% this probably ensures that they
compete successfully with migrating B cells for the capture and
retention of noncognate immune complexes. As well as migrating
through the FDC network of primary follicles and the mantle zones of
secondary follicles, naive B cells have been found to migrate in and out
of the FDC-rich light zone of germinal centers'>*2. Given those
findings, together with our studies here, it can be suggested that
naive B cells are involved in the ongoing delivery of immune
complexes to light-zone FDCs during the germinal center response.
Although our work has demonstrated that follicular B cells can
e, transport immune complexes, we have not ruled out the
@possibility that other cell types function as antigen-transport
= cells in some circumstances. SCS macrophages have been reported
to migrate into follicles after some immunizations'>!4, Similarly,
the related marginal-zone macrophages of the spleen migrate into
follicles after exposure to lipopolysaccharide?”. That process is slower
than the transport mechanism we have described here, taking
many hours, but it may be involved in the transport of different
types of antigens.

Priming or passive antibody transfer can considerably augment
antibody responses®. Our findings are consistent with the proposal
that one reason for this is that the antibody facilitates the formation of
‘complement-decorated’ immune complexes, thereby promoting the
capture of antigen and its delivery into follicles, as well as encounter by
the few follicular B cells that are antigen specific. Although our model
system used IgG antibodies to form immune complexes, we envisage
that the complement-dependent capture and transport of immune
complexes we have reported here also applies to immune complexes
formed by natural IgM antibodies in antigen-naive animals’>34. It
seems likely that the same mechanisms will operate for antigens that
become coated with complement through the antibody-independent
alternative or lectin pathways. Additional receptor systems that
recognize innate features of pathogens may also participate in antigen
capture and display by SCS macrophages.

© 2007 Nature Publishing Group http://www.nature.com/natureimmunology
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The follicle has long been considered a chief site of B cell-antigen
encounter, with FDCs being important in displaying antigen in the
form of immune complexes to B cells. However, the relative impor-
tance of FDCs in fostering the encounter of B cells with antigen in the
early phases of the B cell response remains to be determined.
Additional modes of B cell-antigen encounter in lymphoid tissues
have been demonstrated that involve encounter with soluble antigen
freely entering the follicle and encounter with antigen on T zone
DCs!>1°, Our studies have demonstrated that SCS macrophages are
another important site of antigen display and encounter by cognate
B cells. Indeed, in our experiments in which we provided antigen as a
single bolus injection (typical of vaccination), most of the antigen-
specific B cells in the draining lymph node acquired antigen before the
appearance of the antigen on FDCs. We anticipate that during
infection, antigenic material would continue arriving in the draining
lymph node for many hours or days and that there would be ongoing
display of newly generated immune complexes by SCS macrophages.
Therefore, we suggest that these specialized macrophages may be a
prominent site for naive B cells to encounter a variety of antigen types.
The related population of macrophages in the splenic marginal zone
also sends projections into the underlying follicles and may have a
similar function®. Our studies also suggest an additional mode of
encounter with cognate antigen in which antigen-specific B cells
capture immune complexes from noncognate antigen—transporting
B cells as the cells migrate in among each other in the tightly packed
lymphoid follicle. Finally, the high immune complex-binding capacity
of FDCs probably helps to relieve noncognate B cells of all their
immune complex ‘cargo’ before they exit the lymph node, helping to
ensure that the immune response is mounted locally rather than
systemically. Efficient capture of immune complexes by FDCs may
also be important in limiting the dispersal of bacteria, viruses and
prions, and defects in this process might be a basis for the B cell-
mediated spread of disease-causing agents.

METHODS

Mice. Female wild-type and Ly5.2 (CD45.1) congenic C57BL/6 mice 612
weeks old were from the National Cancer Institute or Jackson Laboratories.
C57BL/6 mice expressing CFP under control of the -actin promoter (004218;
Tg(ACTB-ECFP))!® and mice deficient in recombination-activating gene 1
(002216: Ragl'™Mom)36 yvere from Jackson Laboratories. Mice deficient in
CRI1 and CR2 and QM mice expressing a ‘knocked-in’ BCR specific for
nitrophenyl (V117.7.25 x Jy-deficient x k-deficient) have been described?%?!.
Mice were housed in germ-free environment in the Laboratory Animal
Research Center at the University of California at San Francisco and all
experiments conformed to ethical principles and guidelines approved by the
Institutional Animal Care and Use Committee of the University of California at
San Francisco.

Bone marrow chimeras and B cell reconstitutions. Wild-type mice were
lethally irradiated with 1,100 rads in split doses and were reconstituted with
1 x 10° bone marrow cells from Cr2”~ or wild-type donors. Chimeric mice
were analyzed 8-10 weeks later. For the production of mice deficient in CR1
and CR2 only in the B cell compartment, B cells were isolated from 12-week-
old chimeric mice and 100 x 10° of the cells were adoptively transferred into
C57BL/6 mice deficient in recombination-activating gene 1. Mice were then
analyzed 3 weeks later.

B cell isolation, CFSE labeling and adoptive transfer. For imaging, B cells
were isolated from spleen and peripheral and mesenteric lymph nodes as
described!® with an AutoMACS cell separator (Miltenyi Biotech) and biotin-
ylated monoclonal anti-CD11c (HL3), monoclonal anti-CD43 (S7; both from
BD Biosciences) and MACS streptavidin microbeads (Miltenyi Biotech). B cells
were enriched to over 95% purity, as confirmed by flow cytometry. For tracking
of B cells from chimeras deficient in CR1 and CR2, wild-type chimeras and QM
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mice, CFSE (Invitrogen Molecular Probes) was used at a concentration of
2.5 UM as described®”. Cells (1 x 10° to 2 x 10° ) were adoptively transferred
the day before so that transferred B cells constituted about 0.5-1% of the B cell
compartment of the recipient mouse. For analysis of the acquisition of immune
complex—coated antigen, 1 x 107 QM B cells were adoptively transferred into
Ly5.2 congenic recipients. Some mice also received QM B cells labeled with
CFSE at a concentration of 0.25 pM as controls for the ex vivo capture of
NP-PE-ICs by the cognate BCR.

In vivo generation of immune complexes. Mice were given 2 mg polyclonal
rabbit IgG anti-phycoerythrin (200-4199; Rocklands) intraperitoneally 12-16 h
before subcutaneous injection of either 10 pg phycoerythrin (P-801; Invitrogen
Molecular Probes) or NP-PE in the flank and tail base to drain to both medial
and lateral lobes of the inguinal lymph node. For subcutaneous injection, mice
were anaesthetized intraperitoneally with 100 mg per kg body weight of an
anesthetic solution containing ketamine (5 mg/ml) and xylazine (1 mg/ml;
both from Sigma). Similar deposition of PE-ICs was achieved with hyperim-
mune mouse serum to phycoerythrin (data not shown).

Complement depletion. Mice were depleted of complement by repeated
intraperitoneal injection of 7.5 U cobra venom factor (Quidel) at 36, 24 and
12 h before the administration of rabbit IgG anti-phycoerythrin. Depletion was
confirmed by failure to deposit trinitrophenyl-Ficoll (BioSearch Technologies)
in the splenic marginal zone 30 min after intravenous injection of 50 pg
trinitrophenyl-Ficoll in treated mice relative to that in control mice (data
not shown).

Conjugation of nitrophenyl to phycoerythrin. Phycoerythrin (1 mg) was
dialyzed overnight at 4 °C against NaHCO3, pH 8.4, and was allowed to react
for 2 h at 37 °C with 5 mg NP-OSu (4-hydroxy-3-nitrophenylacetic acid active
ester; BioSearch Technologies) dissolved in 50 pl N,N-dimethylformamide with
frequent vortexing. The precipitate was discarded and the reaction mixture was
dialyzed for 4 h against NaHCO3 and then was dialyzed for 1-2 d at 4 °C
against PBS for the removal of ‘unreacted” NP-OSu.

Flow cytometry. Draining inguinal lymph nodes were carefully collected with
the removal of excess fat and connective tissue and were ‘teased apart’ with
microforceps before being passed through a 70-um nylon sieve (BD Bio-
sciences) along with lymph nodes from Ly5.2 congenic mice that did not receive
phycoerythrin to control for the ex vivo capture of PE-ICs. For NP-PE-ICs,
draining lymph nodes were processed together with lymph nodes from mice
containing CFSE-labeled QM cells that did not receive NP-PE. Single-cell
uspensions were stained as described!® with Pacific blue-conjugated mono-

= clonal anti-CD19 (6D5) plus Alexa Fluor 700—conjugated anti-CD45.2 (104) or

anti-CD45.1 (A20; all from BioLegend). In experiments with Cr2”~ bone
marrow chimera, suspensions were also stained with monoclonal antibody to
CD21 and CD35 (7G6; BD Biosciences). In experiments with QM B cells,
suspensions were also stained with biotinylated monoclonal anti-CD86 (GL1;
BD Biosciences) and were visualized with streptavidin-Alexa Fluor 647
(Invitrogen Molecular Probes). Data were acquired on a LSRII flow cytometer
(BD Biosciences) and were analyzed with FlowJo software (Treestar).

Confocal microscopy. Tissue sections 10-30 pum in thickness were stained with
rat monoclonal anti-mouse C3 (CL7503AP; Cedarlane), anti-CR1 (8C12) or
MOMA-1 hybridoma supernatant and were detected with fluorescein isothio-
cyanate—conjugated anti-rat IgG (heavy plus light) F(ab’), (Jackson Immuno-
search). Rabbit IgG was detected with fluorescein isothiocyanate—conjugated
anti-rabbit IgG (heavy plus light) F(ab’), (Jackson Immunosearch). Sections
were then blocked with 5% normal rat serum before being stained with
biotinylated monoclonal anti-LyVE-1 (223322; R&D Systems) or with mono-
clonal anti-B220 (RA3-6B2; BD Biosciences) and streptavidin—Alexa Fluor 647.
For analysis of the positioning of QM B cells, sections were stained with
fluorescein isothiocyanate-labeled monoclonal anti-CD45.2 (104) followed by
either monoclonal anti-B220 as described above or Alexa Fluor 647—conjugated
monoclonal anti-CD4 (RM4-5; all from BD Biosciences). Images were acquired
on a TCS SL confocal microscope (Leica Microsystems) with 488-, 543- or
633-nm laser lines for the excitation of fluorescein isothiocyanate, phycoerythrin
or Alexa Fluor 647, respectively. Emission slits were ‘tuned’ to 498-540 nm
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for fluorescein isothiocyanate, to 560-600 nm for phycoerythrin and to
643-710 nm for Alexa Fluor 647. Confocal images were processed with Adobe
PhotoShop CS2.

Intravital microscopy and two-photon microscopy. For anesthesia, mice were
induced intraperitoneally with 20 mg per kg body weight of anesthetic solution
(ketamine (5 mg/ml) and xylazine (1 mg/ml)); maintenance doses of intra-
muscular injection of 20 mg per kg body weight were given every 20-30 min as
needed to ensure deep anesthesia, as indicated by regular, shallow respiration
and suppression of withdrawal reflexes. Anesthetized mice were given supple-
mental oxygen through a nose cone and were prepared for intravital micro-
scopy as described!®. The day before intravital microscopy, mice were given
subcutaneous injection in the left flank of 20 g of Alexa Fluor 488—conjugated
anti-CD157 (BP-3) for labeling of the follicular stroma in vivo. Explanted
lymph nodes were prepared for two-photon microscopy as described?®. Images
were acquired with a custom-built two-photon microscope. A MaiTai TiSap-
phire laser (Spectra-Physics) was ‘tuned’ to provide an excitation wavelength of
910 nm. Each xy plane spanned 480 x 400 pixels at a resolution of 0.6 pm per
pixel, and 40-50 xy planes with z spacings of 2 pm were formed by averaging of
ten video frames every 20-30 s. Emission wavelengths of 455-485 nm (CFP and
second harmonic emission of collagen fibers), 500-540 nm (CFSE and Alexa
Fluor 488) and 567640 nm (PE-ICs) were collected with photomultiplier
tubes (Hanamatsu). Images were acquired with Video Savant (IO Industries)
and maximum-intensity time-lapse images were generated with MetaMorph
(Molecular Devices). Videos were processed with a low-pass noise filter. Cell
tracks and three-dimensional rotation images were made with Imaris 5.01 X 64
(Bitplane), and automated tracks were verified and corrected manually. For the
tracking of B cells relative to the SCS floor, the coordinates of macrophages
with acquired phycoerythrin were defined in each video frame with Imaris
software as red spots with a minimum diameter of 10 pm. Cells were
considered in the vicinity of macrophages if they approached within 10 pm
of the designated macrophage coordinates. Tracks of cells in the vicinity of
macrophages during the imaging were broken into ‘macrophage-adjacent’ or
‘macrophage-distant’ portions and were then analyzed separately, as were tracks
of cells that were never in the vicinity of any macrophages. The velocities and
turning angles of cells between each imaging frame were calculated with
MatLab (MathWorks). Measurements were obtained for at least 70 cells in all
cases. Adobe After Effects 7.0 was used for annotation and final movie
compilation. Video files were converted to ‘mpeg format with AVI-MPEG
Converter for Windows 1.5 (FlyDragon Software).

Statistical analysis. GraphPad Prism (GraphPad Software) was used for all
statistical analyses. For comparison of multiple nonparametric data sets (CFP
B cells contacting macrophages while in the vicinity and while distant, and CFP
B cells not contacting macrophages), the Kruskal-Wallis test followed by Dunn’s
post-test comparison between multiple groups was used (Fig. 3b). The same
analysis was used for CFSE-labeled QM B cells for analysis of their relationship
to SCS macrophages (Fig. 5b). For comparison of two nonparametric data sets
(CFSE-labeled QM B cells and CFP B cells) the Mann-Whitney U-test was used
(Fig. 5b,d). We hypothesized that deficiency in CR1 and CR2 would impair the
ability of B cells to capture PE-ICs and therefore compared the means between
the two groups with the one-tailed t-test (Fig. 4b).

Note: Supplementary information is available on the Nature Immunology website.
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