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Summary
CD19-deficient mice were used as a model to study FDC activation because these mice have
normal numbers of FDC-containing primary follicles, but lack the ability to activate FDC or form
GC. It was hypothesized that CD19 expression is necessary for B cell activation and upregulation
of membrane-lymphotoxin (mLT) expression, which promotes FDC activation. Using VCAM-1
and FcγRII/III as FDC activation markers, it was determined that the adoptive transfer of CD19+

wild-type B cells into CD19-deficient hosts rescued GC formation and FDC activation,
demonstrating that CD19 expression on B cells is required for FDC activation. In contrast, CD19+

donor B cells lacking mLT were unable to induce VCAM-1 expression on FDC and FcγRII/III
upregulation was impaired. VCAM-1 expression on FDC, but not FcγRII/III, was rescued when
CD19-deficient B cells expressing transgenic mLT were cotransferred into recipient mice with
CD19+, mLT-deficient B cells, suggesting that FDC activation requires the CD19-dependent
upregulation of mLT on activated B cells. Collectively, these data demonstrate that activated B
cells are responsible for the initiation of FDC activation resulting in a microenvironment
supportive of GC development and maintenance.
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Introduction
Follicular dendritic cells (FDC) are radio-resistant stromal cells centrally located in primary
B cell follicles that express high levels of complement receptors 1 (CD35) and 2 (CD21) [1,
2]. In the resting state, FDC play a critical role in the maintenance and localization of B cells
within the white pulp of the spleen [3]. Once a germinal center (GC) develops, FDC polarize
to the light zone where their role is greatly expanded to support high affinity antibody
production and the generation of B cell memory. In addition to aiding in the segregation of
lymphocytes into T and B cell areas via chemokine production [4, 5], a major role for FDC
is to serve as a cellular network on which responding immune cells survey antigen bearing
processes during T-dependent responses [6–8]. Opsonized antigen is actively targeted to
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FDC via complement and Fc receptors and can remain there for long periods of time [9–13].
BCR-mediated signaling by surveying B cells, presumably via interactions with antigen
bound to FDC processes, induce changes in the integrins LFA-1 (αLβ2) and VLA-4 (α4β1)
[14–16]. BCR-induced changes in clustering or affinity of these integrins for their ligands
ICAM-1 and VCAM-1, respectively, facilitates interactions with the membrane-bound
antigen on FDC [17]. Outside-in signaling via integrins on B cells in response to ICAM-1
and VCAM-1 on FDC has been shown to rescue GC B cells from apoptosis in vitro [18].
Additionally, neonatal inactivation of VCAM-1 in mice leads to defective humoral immune
responses [19].

FDC within GC can be readily distinguished from FDC in resting follicles based on
upregulation of the adhesion molecules ICAM-1 and VCAM-1. Whereas VCAM-1 is only
expressed on FDC in active follicles, ICAM-1 is expressed on resting FDC at low levels and
is upregulated within the GC [20, 21]. Although it is clear that FDC play an essential role to
promote B cell responses, the events or signals that initiate differentiation of FDC from their
resting precursors into fully functional effector cells are unclear.

The precursors of FDC are largely unknown, but may be of mesenchymal origin [22–24];
however, many signals essential for their development have been well characterized.
Lymphotoxin (LT) on B cells is required for normal FDC development and is expressed as a
secreted homotrimer, LTα3, or as a membrane-bound heterotrimer, LTα1β2 (mLT). LTα3
signals through TNF receptor 1, whereas mLT signals though a dedicated receptor, the
lymphotoxin β receptor (LTβR) [25]. LTβR expression is restricted to a few cell types,
including FDC, and blockade of LTβR signaling via an LTβR-Ig fusion protein eliminates
FDC [26]. This suggests that mLT is a critical factor in FDC development and maintenance
[25, 27, 28]. Membrane-LT is highly expressed on GC B cells compared to naïve B cells
[29], and LTβR signaling on FDC-like cell lines and endothelial cells leads to the expression
of VCAM-1 and ICAM-1 [30–33]. It has therefore been hypothesized that mLT on B cells
may be responsible for regulating the expression of ICAM-1 and VCAM-1 on FDC in the
GC [27, 34–37]. Confirming this hypothesis in vivo has proven difficult, as disrupting mLT
signaling leads to loss of the FDC population [26]. Therefore experiments were performed
to elucidate the signals that lead to FDC activation using CD19-deficient mice (CD19−/−),
which have FDC in primary follicles, but lack the ability to promote FDC activation and to
form GC.

CD19−/− mice were used to determine if FDC activation is indeed impaired based on
examining the induction of VCAM-1 expression and FcγRII/III upregulation in response to
challenge with SRBC. Following immunization, wild type (WT), but not CD19−/− mice,
were observed to have activated FDC in the spleen that expressed VCAM-1 and high levels
of FcγRII/III in conjunction with the formation of GC. FDC activation correlated with the
earliest appearance of GC B cells in the light zone of WT mice in regions where GC B cells
appeared to be in close physical contact with FDC. This observation suggested that a
membrane-associated signal at the B cell:FDC interface may be responsible for FDC
activation. To address the possibility that mLT signaling is involved in this process,
experiments were performed in which CD19+,LTβ− B cells, which do not express mLT,
were adoptively transferred into CD19−/− recipients. Whereas the transfer of CD19+,LTβ+

(i.e. WT) donor B cells resulted in activation of FDC within the GC, the adoptive transfer of
CD19+LTβ− B cells failed to induce VCAM-1 expression on FDC and there was
significantly less induction of FcγRII/III expression, demonstrating that mLT is necessary
for optimal FDC activation. Although mLT appeared to be necessary for FDC activation,
adoptive transfer of CD19−,mLT-transgenic (Tg) B cells, which express high levels of mLT
equivalent to that seen on GC B cells, failed to induce FDC activation indicating that mLT is
not sufficient in the absence of CD19. However, when CD19+,LTβ− B cells were
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cotransferred into CD19−/− mice with CD19−,mLT-Tg B cells, VCAM-1 expression was
restored on FDC, but FcγRII/III expression was unaffected, confirming that mLT is required
for the induction of VCAM-1 expression on FDC, whereas other signals may be necessary
for full potentiation of FcγRII/III expression.

Results
CD19 expression is required for FDC activation

The induction of VCAM-1 expression and FcγRII/III (CD16/32) upregulation on FDC were
determined to evaluate FDC activation. VCAM-1 is an adhesion molecule expressed on
activated FDC, but not on resting FDC [20, 21]. FcγR are expressed on resting FDC, but
exhibit significant upregulation when FDC are activated and mediate the uptake of Ag in the
form of IC for presentation to GC B cells [38–40]. Thus, the expression of these molecules
on FDC is commonly used to determine their activation status after immunization with T-
dependent Ag.

To examine FDC activation C57BL/6 WT and CD19−/− mice were immunized i.p. with
SRBC, a potent T-dependent antigen, to induce an immune response in the spleen. The
spleens were harvested 10 days post immunization and FDC activation was visualized by
fluorescence microscopy with anti-VCAM-1 and anti-FcγRII/III mAbs. First, the frequency
of GC B cells, defined as PNA+, Fas (CD95)+, was determined by flow cytometry (Fig. 1A
and Supplemental Fig. 1). WT mice had 4–6% GC B cells, whereas CD19−/− mice failed to
generate GC B cells or GC in response to immunization with SRBC, as previously
demonstrated [41]. By histology (Fig. 1B), GC B cells are distinguished by PNA binding
and FDC were visualized with anti-CD35 (complement receptor 1, CR1) mAb. Tingible-
body macrophages also bind PNA and can be seen throughout the GC. In addition to being
expressed on activated FDC in WT mice, VCAM-1 was also expressed in the splenic red
pulp and marginal zone of WT and CD19−/− mice (Fig. 1B). However, neither VCAM-1 nor
FcγRII/III expression was detected on FDC in CD19−/− mice in the spleen, suggesting that
CD19 is required for FDC activation and GC formation.

Wild-type B cells rescue FDC activation in CD19-deficient mice
In the absence of CD19, signals delivered via the BCR complex are not potentiated and B
cells fail to overcome the activation threshold necessary to form GC [41, 42]. Thus, it was
hypothesized that B cell activation may be a prerequisite for FDC activation. To examine
this possibility further, experiments were performed to determine whether the adoptive
transfer of WT B cells would restore FDC activation and GC formation in CD19−/− mice.

CD45.2 WT, CD19+/−, or CD19−/− B cells were adoptively transferred into CD45.1
CD19−/− mice and recipient mice were immunized with SRBC 3 days post transfer. Ten
days after immunization, the spleens were harvested and tissue sections were stained to
visualize FDC activation (Fig. 2A). CD19−/− mice that received WT or CD19+/− B cells
expressed VCAM-1 and FcγRII/III on their FDC and formed GC in response to
immunization, whereas mice that received CD19−/− B cells did not contain FDC with an
activated phenotype (Fig. 2B) and failed to form GC. To ensure that VCAM-1 staining was
uniform across sample sections, the MFI for VCAM-1 in images of the red pulp from WT
and CD19−/− mice was calculated demonstrating that overall VCAM-1 staining was indeed
consistent (Supplemental Fig. 2). Both WT and CD19+/− B cells expanded in response to
immunization and constituted the majority of PNA+, Fas+ GC B cells in CD19−/− recipient
mice. In contrast, very few CD19−/− donor B cells survived the 2-week duration of the
experiment despite the presence of Ag (Fig. 2A and data not shown). These data
demonstrate that B cells expressing CD19 can rescue FDC activation and GC formation in
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CD19−/− mice. It is possible that CD19+ B cells indirectly contribute to FDC activation by
virtue of the fact that they produce Abs that combine with Ag leading to the formation of
immune complexes that in turn drive FDC activation. To test this, experiments were
performed in which immune complexes were passively transferred to WT and CD19−/− mice
after which mice were examined at days 3 and 10 to visualize immune complex deposition,
GC formation and FDC activation based on upregulation of VCAM-1 and FcγRII/III
(Supplemental Fig. 3 and 4). Although immune complexes were visible in both WT and
CD19−/− mice at days 3 and 10, GC formation and FDC activation were only observed in
WT mice in which GC B cells were visible. Collectively, these findings support the
hypothesis that CD19 expression on B cells is required for FDC activation in a B cell
intrinsic manner, and that CD19-dependent B cell activation may be crucial for acquisition
of signals that in turn drive FDC activation.

VCAM-1 expression on FDC occurs in conjunction with the appearance of GC B cells
PNA+ GC B cells begin to appear 2–3 days after immunization [43]. Therefore, it was of
interest to determine at which point during an immune response FDC upregulate the
activation markers VCAM-1 and FcγRII/III. WT mice were immunized with SRBC after
which they were examined for FDC activation at days 3 and 5 (Fig. 3). A small number of
PNA+ GC B cells were first seen on day 3 in the light zone, and appeared to be in contact
with CD35+ FDC networks. Concurrent with the appearance of PNA+ B cells, initial
VCAM-1 expression and FcγRII/III upregulation on FDC was also seen on day 3. It was
noted that VCAM-1 expression on FDC was localized to regions in the follicle where it
appeared that FDC and GC B cells were in close proximity to one another, suggesting that
GC B cells may activate FDC through direct cell contact (Fig. 3). On day 5, VCAM-1
expression and FcγRII/III upregulation are observed throughout the FDC network as the
number of GC B cells expand, once again suggesting that B cells may activate FDC through
physical contact and that B cell activation via CD19 signaling is required.

Upregulation of LTβ expression on CD19-deficient B cells is impaired
It has been shown that signaling through the LTβR induced by an agonistic Ab on a human
stromal cell line resulted in increased VCAM-1 mRNA expression [44], and that LTβR
signaling leads to adhesion molecule expression on FDC-like cell lines [30]. It was therefore
hypothesized that FDC activation involves the interaction of mLT on GC B cells with the
LTβR on FDC and that the inability to generate GC B cells, which express high levels of
mLT, might explain the block in FDC activation in CD19−/− mice.

Initially, experiments were performed to determine if mLT expression on B cells is affected
by CD19 deficiency. B cells from the spleens of WT and CD19−/− mice were analyzed for
mLT expression based on staining cells with anti-LTβ mAb (Fig. 4A). B cells from WT
mice expressed a low basal level of mLT that was substantially upregulated on GC B cells
after immunization with SRBC, which is consistent with previously published reports [29].
Although follicular B cells from CD19−/− mice expressed similar basal levels of mLT
compared to WT follicular B cells, CD19−/− mice do not generate GC B cells, suggesting
that in the absence of this B cell population with high level mLT expression there may be a
defect in FDC development or activation, or both. Therefore, it was important to evaluate if
the basal expression of mLT on B cells in CD19−/− mice is sufficient to promote FDC
development and maintenance. It was determined that CD19−/− mice have normal numbers
of FDC containing follicles, supporting the conclusion that basal mLT expression on resting
B cells in CD19−/− mice, which is slightly reduced compared to WT mice, is indeed
sufficient to support FDC development (Fig. 4B). This was further confirmed by analyzing
the number of FDC-containing follicles in CD19+/− or CD19−/− mice that do not express
mLT. Regardless of whether CD19 is expressed on B cells, loss of mLT expression was
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found to result in a significant reduction in the number of FDC-containing follicles in these
mice (Fig. 4B). Thus, the failure of B cells in CD19−/− mice to overcome activation
thresholds important for the generation of GC B cells, which upregulate mLT expression,
may explain the block in FDC activation.

Membrane-LT expression on GC B cells is necessary for FDC activation
The finding that adoptive transfer of WT B cells rescues FDC activation in CD19−/− mice
suggests that GC B cells directly activate FDC (Fig. 2). This was further supported by the
observation that in very early stages of the GC reaction the activation of FDC is restricted to
those regions were FDC and GC B cells co-localize, suggesting that not only are GC B cells
responsible for FDC activation, but that this process is mediated through direct cell contact
between FDC and GC B cells.

Thus it was hypothesized that FDC activation is dependent on upregulation of mLT by GC
B cells, which in turn signals through the LTβR on FDC. To test the hypothesis that B cells
activate FDC through mLT-LTβR interactions, LTβloxp/loxp mice [45] were obtained and
were crossed with CD19cre/cre mice. B cells from CD45.2 CD19+/+,LTβloxp/loxp;
CD19+/cre,LTβloxp/loxp and CD19cre/cre,LTβloxp/loxp mice were adoptively transferred into
CD45.1 CD19−/− recipient mice. In these experiments, donor B cells are CD19+,mLT+;
CD19+,mLT− or CD19−,mLT−, respectively. The CD19−/− hosts express mLT, but lack the
ability to generate GC B cells that upregulate mLT. Three days after adoptive transfer of B
cells, recipient mice were immunized with SRBC and the spleens were harvested 10 days
post-immunization. CD19−/− mice that received B cells from CD19+/+,LTβloxp/loxp mice,
which express CD19 and mLT, formed GC in which FDC were observed to express
VCAM-1 and FcγRII/III (Fig. 5, top row). In contrast, CD19−/− mice that received B cells
from CD19cre/cre,LTβloxp/loxp mice, which lack CD19 and mLT failed to generate GC, and
FDC from these mice did not exhibit phenotypic changes associated with activation (Fig. 5,
bottom row). CD19−/− mice that received B cells from CD19+/cre,LTβloxp/loxp, that is B cells
that express CD19 but lack mLT, were able to form GC, but VCAM-1 expression was not
detectable on FDC (Fig. 5, middle row). Additionally, upregulation of FcγRII/III expression
was significantly reduced in the absence of mLT (Fig. 5). Thus, although not required for
GC formation, mLT on B cells was necessary for optimal FDC activation.

Because mLT expression on B cells is necessary for optimal FDC activation, it was of
interest to determine if enforced mLT expression in the absence of CD19 would be
sufficient to promote GC formation and FDC activation. To address this question, mice were
obtained from Dr. Jason Cyster [46], which contain a Tg that specifically and constitutively
overexpresses a membrane-bound LTα chain, leading to enhanced expression of mLT on B
cells. These κLTα-Tg mice were crossed with various CD19 Cre lines to generate B cells
that differ in their expression of CD19 and mLT that were subsequently transferred into
CD19−/− recipients. Following the adoptive transfer of CD19−/−, κLTα-Tg B cells (i.e. B
cells that are CD19−,mLT-Tg) into CD19−/− mice and immunization with SRBC, VCAM-1
and FcγRII/III expression were monitored on FDC 10 days later. CD19−/− mice receiving
CD19−,mLT-Tg B cells did not form GC in response to immunization, and were unable to
activate FDC, as neither VCAM-1 nor FcγRII/III were expressed on the surface of FDC
(Fig. 6A and B). Thus, it was apparent that enforced expression of mLT is not sufficient to
drive a GC response and FDC activation. It was hypothesized that the failure of B cells that
express elevated mLT to induce FDC activation was due to the deficiency in CD19
expression resulting in an inability of those B cells to overcome the activation threshold
required for normal B cell responses or survival, or both. In support of this hypothesis, it
was not possible to detect the adoptively transferred CD19−,mLT-Tg donor B cells 10 days
post-transfer, indicating that they did not survive in the host. However, these cells could be
detected in the spleen 24 h post transfer demonstrating that there was no defect in their
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ability to home to the splenic microenvironment (data not shown). This finding was not
unexpected as earlier adoptive transfer experiments with CD19−/− B cells into CD19−/−

recipient mice yielded few donor B cells after 10 days (Fig 2A).

Based on the earlier observation that CD19+,mLT− B cells were able to form GC, but did
not promote FDC activation and the fact that mLT expression on B cells is necessary for
optimal FDC activation, it was of interest to determine if CD19 and mLT work in concert to
provide the necessary signals to drive both GC formation and FDC activation. For these
experiments, a mixture of CD19+,mLT− B cells and CD19−,mLT-Tg B cells in a 5:1 ratio
was adoptively transferred into CD19−/− recipient mice. The rationale was that the
CD19+,mLT− B cells would initiate and sustain a GC response, in which the CD19−,mLT-
Tg B cells could then participate by providing signals to FDC via binding of mLT on their
surface to the LTβR on FDC thereby promoting FDC activation. Ten days after adoptive
transfer and immunization with SRBC, FDC were examined to quantitate VCAM-1 and
FcγRII/III expression. FDC in mice receiving CD19+,mLT− B cells with the addition of
CD19−,mLT-Tg B cells, but not CD19+,mLT− B cells alone, exhibited VCAM-1 expression
on their surface (Fig 6A and B), indicating that mLT expression on B cells is required for
induction of VCAM-1 expression on FDC. However, FcγRII/III upregulation on FDC was
unaffected by the addition of CD19−,mLT-Tg B cells (Fig. 6B), suggesting that even though
mLT plays a role in potentiation of FDC activation, other signals may be required to drive
FcγRII/III upregulation.

To examine the functional importance of VCAM-1 and FcγRII/III expression on FDC for
the humoral response, experiments were performed to measure affinity maturation in
recipient mice following immunization with NP-CGG. B cells from CD45.2
CD19+/+,LTβloxp/loxp; CD19+/cre,LTβloxp/loxp, or CD19cre/cre,LTβloxp/loxp mice or a mixture
of CD19+,mLT− B cells and CD19−,mLT-Tg B cells were adoptively transferred into
CD45.1 CD19−/− recipient mice followed by i.p. immunization with 50μg NP-CGG in
incomplete Freund’s adjuvant. The affinity of serum anti-NP antibodies from day 7 and 14
post-immunization was determined by calculating the ratio of binding to NP8 versus NP30.
Whereas the binding ratio was not statistically different among the groups at either day 7 or
14 (Fig. 6C), the relative change in affinity between day 7 and day 14 was increased almost
2-fold in mice receiving CD19+/+,LTβloxp/loxp B cells compared to all other groups (Fig.
6D). As these mice are the only mice to have VCAM-1 and fully potentiated FcγRII/III
expression on FDC, these data suggest that VCAM-1 and FcγRII/III are required for normal
affinity maturation. In conclusion, these results demonstrate that mLT expressed on GC B
cells is required for induction of VCAM-1 expression on FDC, and that fully potentiated
FDC activation is required for normal affinity maturation.

Discussion
Using CD19-deficient mice, experiments demonstrated that mLT on B cells is required for
the activation of FDC. Studying the function of FDC in conclusive detail has proven
difficult because of the technical challenges associated with isolation of FDC for analysis in
vitro. Additionally, many of the signals thought to be involved in FDC activation have been
shown to play an indispensable role in their development in vivo. Consequently, the
disruption of LT signaling abrogates the development of FDC, rendering results from these
experiments difficult to interpret with respect to FDC activation [34]. CD19−/− mice have
normal numbers of FDC-containing primary follicles, but due to a B cell intrinsic defect,
lack the ability to form GC or to activate FDC in response to immunization, providing a
model to study the mechanism of FDC activation. In this system, FDC activation required
CD19-dependent B cell activation. Activated B cells participating in the GC response
upregulate mLT [29], which is dependent on growth-factor receptor-bound protein-2 (Grb2)
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signaling [47]. In the absence of CD19, B cell activation and the resulting upregulation of
mLT are impaired, presumably because these cells exhibit attenuated BCR-mediated
signaling and are unable to overcome the activation threshold necessary for upregulation of
mLT expression. This conclusion was supported by the finding that adoptive transfer of WT
B cells into CD19−/− recipients restored GC B cell production, the GC response and FDC
activation.

The importance of mLT expression on B cells for FDC activation was further supported by
the deletion of mLT on CD19+ donor B cells. Although adoptive transfer of mLT− B cells
into CD19−/− mice did not abrogate the generation of GC, the induction of VCAM-1
expression on FDC within these GC was not observed, suggesting that mLT does indeed
play an important role in FDC activation. This was confirmed by complementation of
CD19+,mLT− B cells with CD19− B cells that express high levels of mLT via expression of
the κLTα transgene. Adoptive transfer of this mixed population of B cells restored
VCAM-1 expression on FDC in response to immunization with SRBC. Collectively, these
results indicate that mLT expression on B cells is required for VCAM-1 expression on FDC,
and that the defect in FDC activation in CD19−/− mice is caused by the inability of B cells to
undergo optimal activation leading to upregulation of mLT expression. Although
upregulation of FcγRII/III expression on FDC was attenuated in the absence of mLT on GC
B cells, it was not potentiated in the presence of CD19−,mLT-Tg B cells, indicating that
other CD19-dependent B cell intrinsic signals are important for modulating expression of
these receptors.

The complex interplay between TNF, LTα, and LTβ in FDC development has been
extensively examined [26, 48], but questions remain as to the role of these molecules in
FDC activation associated with the induction of a GC response. Studies have shown that
once FDC networks are established, which is TNF and LT dependent, LTα and TNF are no
longer necessary for the maintenance of FDC or for GC formation after immunization [49].
However, little is known about how mLT, which is highly expressed on GC B cells, may
influence FDC function. Membrane-LT upregulation is induced by CXCL13-dependent
signaling through CXCR5 on B cells within the light zone of the GC [29]. It is in the light
zone, 2–3 days after immunization that PNA+ GC B cells initially interact with FDC,
resulting in changes in VCAM-1 and FcγRII/III expression within this microenvironment of
the GC. Several lines of evidence suggest that a direct link exists between LT signaling and
regulation of adhesion molecule expression on FDC. Treatment of FDC-like or endothelial
cell lines with LT induces VCAM-1 and ICAM-1 expression [30, 31]. Additionally,
blocking mLT signaling by the injection of a LTβR-Ig fusion protein eliminates VCAM-1
staining in the marginal zone [50]. The LTβR signals through both the canonical and non-
canonical NF-κB pathways, but it is the classical pathway that is responsible for adhesion
molecule expression [31, 51]. Genetically altered mice with a FDC-specific deficiency in
IKKβ did not exhibit changes in VCAM-1 and ICAM-1 expression on FDC following
SRBC immunization, further suggesting that mLT-LTβR signaling plays a critical role in the
activation of FDC [21].

Although the adoptive transfer of CD19+,mLT− B cells into CD19−/− mice supports GC
formation in response to immunization, VCAM-1 expression on FDC was not detectable.
However, complementation with CD19−,mLT-Tg B cells in a mixed adoptive transfer
rescued VCAM-1 expression on FDC. In these mice, the majority of GC B cells were
CD19+,mLT−, suggesting that the CD19−,mLT-Tg B cells provided the required signal for
VCAM-1 expression, but did not participate in the GC reaction as they could not be detected
10 days after immunization. The GC represents an open and dynamic microenvironment [8]
and as such, it is plausible that while surveying the FDC surface for antigen, CD19−,mLT-
Tg B cells provided signals to FDC via the LTβR resulting in upregulation of VCAM-1
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expression. In the CD19−,mLT-Tg B cells, mLT upregulation is constitutive and therefore is
decoupled from B cell activation, which depends on CD19 expression. Because the
CD19−,mLT-Tg B cell population was unable to overcome the requisite activation threshold
in the absence of CD19 [52], these cells may not have been retained in the GC, explaining
why they could not be detected in the GC 10 days after adoptive transfer. This may also
explain why CD19−,mLT-Tg B cells fail to induce FcγRII/III upregulation on FDC;
possibly due to interrupted mLT signaling because of their inability to remain within the
GC. Alternatively, FcγRII/III upregulation may not occur in this system because of a
requirement for CD19- and mLT-mediated signaling to occur on the same B cell for optimal
FDC activation to take place. Regardless, enforced expression of mLT on B cells was
sufficient to induce VCAM-1 expression on FDC despite the transient survival of the
CD19−,mLT-Tg B cells, as long as B cells were present in the GC that expressed CD19 on
their surface.

In summary, these experiments demonstrate that mLT expressed on GC B cells is required
for FDC activation. Our data also suggest that GC B cells activate FDC directly, resulting in
upregulation of integrins. This in turn results in reciprocal signal transduction to B cells
engaged with FDC via the newly expressed adhesion molecules. VCAM-1 and ICAM-1 on
FDC provide anti-apoptotic signals to GC B cells through their respective integrins on the
surface of the B cell [18], suggesting that upregulation of mLT on B cells is indirectly
involved in promoting their survival. From a functional perspective, optimal expression of
both VCAM-1 and FcγRII/III are required for affinity maturation of GC B cells. These
results provide insight into the functional role that crosstalk between B cells and FDC within
the GC plays in promoting an optimal humoral response.

Materials and Methods
Mice and Immunizations

C57BL/6 mice were obtained from The Jackson Laboratory (Bangor, ME). CD19−/− mice
were obtained from Dr. Robert Rickert [41] and backcrossed onto the C57BL/6 background
for greater than 10 generations. LTβ floxed mice, a gift from Dr. Sergei A. Nedospasov
[45], and κLTα-Tg mice, a gift from Dr. Jason Cyster [46], were crossed with CD19cre/cre

mice. Mice used in experiments were 8–12 weeks of age. All mice were housed in the
University of Alabama at Birmingham animal housing facility in accordance with the UAB
Institutional Animal Care and Use Committee policies and procedures. Mice were
immunized with 100 μL SRBC in Alsever’s solution or 50 μg NP-CGG via the i.p. route.

Flow Cytometry
Splenocytes were stained as described previously [29] with FITC-labeled peanut agglutinin
(PNA) (Vector Laboratories, Burlingame, CA), phycoerythrin (PE) anti-Fas (Jo2), and
allophycocyanin-Cy7 anti-B220 (RA3-6B2) (BD Biosciences, San Diego CA). LTβ
expression was quantitated with anti-LTβ mAb (BBF6, a gift from Dr. Jeffery L. Browning)
[53], followed by anti-hamster PE. Flow cytometry was performed on a LSR II (BD
Biosciences, San Jose, CA) and the data were analyzed with FlowJo version 8.2 (Tree Star
Inc, Ashland, OR).

Histology
Spleens were harvested from immunized mice, embedded in OCT tissue media (Tissue-
Tek), and frozen on dry ice. Ten micrometer-thick frozen sections were fixed to slides in
ice-cold acetone for 15 min and air dried for 30 min. The sections were blocked with 10%
horse serum for 30 min at room temperature and then stained for 30 min at room
temperature in a humidified chamber with fluorescently-labeled antibody cocktails and
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biotinylated PNA (Vector Laboratories). The following conjugations with Alexa Flour dyes
(Invitrogen, Carlsbad, CA) were performed according to the manufacturer’s instructions:
anti-CD16/CD32 (2.4G2, BD Biosciences) to Alexa 488, anti-CD35 (8C12, BD
Biosciences) to Alexa 555, IgD (11-26c.2a, BD Biosciences) and anti-CD45.2 (104, BD
Biosciences) to Alexa 647. Biotinylated PNA was detected using strepavidin-Alexa 350
(Invitrogen). VCAM-1 on FDC was visualized with anti-VCAM-1 (CD106) conjugated to
Alexa 488 (429, Serotec, Raleigh NC). Sections were mounted with Gel/Mount (Biomeda,
Foster City CA). Stained tissue sections were examined with a Leica/Leitz DMRB
microscope and the data were processed using Adobe Photoshop (Adobe Systems Inc., San
Jose, CA). FDC containing follicles in naïve, WT, CD19+/−, CD19−/−, CD19+/cre

LTβloxp/loxp, and CD19cre/cre LTβloxp/loxp were visually counted using a Zeiss Axio
fluorescence microscope. The number of FDC containing follicles was averaged over three
sections per spleen from three independent experiments.

Determination of Mean Fluorescence Intensity and Statistical Analysis
The MFIs for VCAM-1 and FcγRII/III were determined from 2–3 unprocessed raw image
files per mouse from each of 3–5 experimental repetitions in which there were 3 mice per
experimental group. Briefly, using Image J software (NIH, http://rsbweb.nih.gov/ij/),
VCAM-1 and FcγRII/III on FDC was determined by, first tightly defining the area of
CD35+ FDC on the anti-CD35 single color image. This gate was then copied to the anti-
VCAM-1 or anti-CD16/32 single color image and the MFI of VCAM-1 or FcγRII/III was
measured. To determine the VCAM-1 MFI in the red pulp, first B cell follicles were
removed from the anti-VCAM-1 single color image, and then the MFI was measured over
the entire remaining image. The student’s t-test was used for statistical analysis.

Adoptive Transfer Experiments
Spleens from CD45.2 WT, CD19+/−, CD19−/−, CD19+/+,LTβflox/flox; CD19+/cre,LTβflox/flox;
CD19cre/cre,LTβflox/flox, or CD19−/−,κLTα-Tg mice were harvested and a single cell
suspension was obtained by passing the cells through a 70 micrometer cell strainer. After
incubation of the single cell suspension in ACK lysis buffer (0.15 M NH4Cl, 1 mM KHCO3,
0.1 mM Na2EDTA in diH2O) to lyse RBCs, splenocytes were washed twice in PBS. B cells
were negatively selected on LS columns via the manufacture’s protocol with anti-CD11b
and anti-CD43 conjugated to microbeads (Miltenyi Biotech, Auburn CA). For each adoptive
transfer, 1.5×107 cells were injected intravenously in 100 μL PBS and the mice were
immunized three days after adoptive transfer.

ELISA
ELISA plates were coated with NP8-BSA (bovine serum albumin) or NP30-BSA (Biosearch
Technologies, Novato, CA) overnight at 4°C. The plates were blocked with 10% BSA for 1
hour at 37°C, followed by diluted serum for 1 hour at 37°C. Anti-NP antibodies were
detected using anti-mouse IgG conjugated to horseradish peroxidase (HRP) (Southern
Biotech, Birmingham, AL). The ratio of NP8:NP30 O.D. values were used to determine
relative affinity.
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Abbreviations used in this paper

CR complement receptor

FDC follicular dendritic cell

FO follicular

LTβR lymphotoxin β receptor

mLT membrane-lymphotoxin

NRS normal rabbit serum

PNA peanut agglutinin
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Figure 1. FDC activation and GC formation do not take place in CD19-deficient mice
(A) C57BL/6 WT and CD19−/− mice were immunized i.p. with SRBC and B220+, PNA+,
Fas+ GC B cells were analyzed by flow cytometery 10 days later. (B) GC formation and
FDC activation were visualized in the spleen by staining tissue sections with biotinylated
PNA (blue), anti-CD35 mAb (red), and anti-VCAM-1 or anti-CD16/32 mAb (green).
Overlay of VCAM-1 or CD16/32 with CD35 staining is visualized by yellow, whereas
overlay of these markers in addition to PNA staining appears white. Scale bars are 100 μm.
Images are representative of 5 independent experiments in which 3 WT and 3 CD19−/− mice
were immunized per experiment.
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Figure 2. FDC activation and GC formation requires CD19
CD45.2+ splenic B cells from WT, CD19+/− and CD19−/− mice were adoptively transferred
into CD45.1+ CD19−/− mice, after which recipient mice were immunized i.p. with SRBC.
(A) Ten days post-immunization, FDC activation and GC formation were visualized by
staining frozen spleen sections with PNA (blue), anti-CD35 mAb (red) anti-VCAM-1 mAb
(green). CD45.2+ donor B cells were visualized using anti-CD45.2 mAb (white). Scale bars
are 100 μm. Images are representative of 5 independent experiments in which 3 recipient
mice per group were immunized. (B) The MFI of VCAM-1 and CD16/32 expression on
FDC following adoptive transfer of WT, CD19+/−, and CD19−/− B cells into CD19−/−

recipient mice was calculated using Image-J software. The student’s t-test was used to
compare expression of either VCAM-1 or CD16/32 on FDC from recipients that received
WT B cells versus recipients that received either CD19+/− or CD19−/− B cells. The data
represent the mean ± standard error of the mean determined from 5 independent experiments
in which there were 3 mice per group per experiment. **p<0.0001, *p<0.05
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Figure 3. Upregulation of VCAM-1 expression on FDC occurs at sites of FDC:GC B cell contact
Wild-type mice were immunized i.p. with SRBC and on days 3 and 5, FDC activation and
GC B cells were visualized within the GC by staining frozen spleen sections with
biotinylated PNA (blue), anti-CD35 mAb (red), and either anti-VCAM-1 or anti-CD16/32
mAb (green). Overlay of VCAM-1 or CD16/32 with CD35 staining is visualized by yellow,
whereas overlay of these markers in addition to PNA staining appears white. Scale bars are
100 μm. Images are representative of 3 independent experiments in which 3 WT mice were
immunized per time point.
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Figure 4. FDC development is not altered in CD19−/− mice
Wild-type and CD19−/− mice were immunized i.p. with SRBC. After 10 days, mLT
expression on splenic B cells was analyzed by flow cytometery. (A, middle panel) Analysis
of mLT expression on GC B cells in WT mice; B220+, PNA+, Fas+ GC B cells (black line),
FO B cells (grey line), isotype control (filled histogram). (A, right panel) Analysis of mLT
expression on FO B cells from WT versus CD19−/− mice; FO B cells isolated from WT
(black line), FO B cells isolated from CD19−/− (grey line), isotype control (filled histogram).
(B) FDC containing follicles in naïve, WT, CD19+/−, CD19−/−, CD19+, mLT− (CD19+/cre,
LTβloxp/loxp), and CD19−, mLT− (CD19cre/cre, LTβloxp/loxp) mice were counted in frozen
spleen sections using anti-CD35 mAb to visualized FDC. The data represent the average
number of CD35+ FDC clusters counted in three sections per spleen and this was determined
for 3 mice per genotype. The data are representative of 3 independent experiments with 3
mice per genotype per experiment. The student’s t-test was used to compare the number of
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FDC-containing follicles in WT versus each of the other genotypes depicted. The data
represent the mean ± standard error of the mean. *p<0.01
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Figure 5. Membrane-LT expression on B cells is necessary for FDC activation
Splenic B cells from CD45.2+, CD19+, mLT+ (CD19+/+, LTβflox/flox), CD19+, mLT−

(CD19+/cre, LTβflox/flox) or CD19−, mLT− (CD19cre/cre, LTβflox/flox) were adoptively
transferred into CD45.1+, CD19−/− mice, after which the mice were immunized i.p. with
SRBC. Ten days post-immunization, splenic FDC activation and GC formation were
visualized with biotinylated PNA (blue), anti-CD35 mAb (red), anti-VCAM-1 mAb (green)
or anti-CD16/32 mAb (green). CD45.2+ donor B cells were detected using anti-CD45.2
mAb (white). Overlay of VCAM-1 or CD16/32 with CD35 staining is visualized by yellow,
whereas overlay of these markers in addition to PNA staining appears white. Scale bars are
100 μm. Images are representative of 3 independent experiments in which 3 mice per
experimental group were immunized.
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Figure 6. Membrane-LT expression on B cells is not sufficient for induction of VCAM-1
expression on FDC in the absence of CD19
(A) Splenic B cells from CD45.2+, CD19−, mLT-Tg (CD19−/−, κLTα-Tg) mice alone, or in
a 4:1 mixture with CD45.2+, CD19+, mLT− (CD19+/cre, LTβflox/flox) and CD19- mLT-Tg
(CD19−/− κLTα-Tg) were adoptively transferred into CD45.1+, CD19−/− recipient mice and
subsequently immunized i.p. with SRBC. Ten days post-immunization, FDC activation and
GC formation were visualized in the spleen based on staining of tissue sections with
biotinylated PNA (blue), anti-CD35 mAb (red), anti-VCAM-1 mAb (green) or anti-
CD16/32 mAb (green). CD45.2+, donor B cells were visualized using anti-CD45.2 mAb
(white). Scale bars are 100 μm. Images are representative of 4 independent experiments in
which 3 mice were immunized per experimental group. (B) The MFI of VCAM-1 and
CD16/32 expression was calculated on FDC from frozen spleen sections analyzed in Figures
5 and 6. The data represent the average MFI calculated from analyzing 3 spleen sections per
mouse with 3 mice per experimental group over a series of 3 independent experiments. The
student’s t-test was used to compare the MFI for VCAM-1 or CD16/32 expression on FDC
in WT mice with that calculated on FDC from each of the other experimental groups. The
data represent the mean ± standard error of the mean. *p<0.01 **p<0.001 (C) Analysis of
Ab affinity maturation based on calculating the ratio of NP8:NP30 binding activity detected
by ELISA in serum collected on days 7 and 14 after immunization of mice i.p. with NP-
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CGG in incomplete Freund’s adjuvant. The data represent the mean ratio calculated for 3
mice per experimental group for 3 independent experiments. (D) The relative change in
affinity was calculated by dividing the mean for the ratio of NP8:NP30 binding activity on
day 14 by the mean on day 7.
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