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Abstract
Long-lived humoral immune responses depend upon the generation of memory B cells and long-
lived plasma cells during the germinal center (GC) reaction. These memory compartments,
characterized by class-switched IgG and high-affinity Abs, are the basis for successful
vaccination. We report that a new member of the plexin family of molecules, plexin-D1, controls
the GC reaction and is required for secondary humoral immune responses. Plexin-D1 was not
required for B cell maturation, marginal zone precursor development, dark and light zone
formation, Igλ+ and Igκ+ B cell skewing, B1/B2 development, and the initial extrafollicular
response. Plexin-D1 expression was increased following B cell activation, and PlxnD1−/− mice
exhibited defective GC reactions during T-dependent immune activation. PlxnD1−/− B cells
showed a defect in migration toward the GC chemokines, CXCL12, CXCL13, and CCL19.
Accordingly, PlxnD1−/− mice exhibited defective production of IgG1 and IgG2b, but not IgG3
serum Ab, accompanied by reductions in long-lived bone marrow plasmacytes and recall humoral
memory responses. These data show a new role for immune plexins in the GC reaction and
generation of immunologic memory.

Plexins were initially identified as molecules involved in axon guidance during neuronal
development (1, 2). Emerging research on plexins has revealed that many of these family
members are indispensable in developmental programs of the immune system (3) and are
required for proper immune activation (4-8). Plexin-D1 was first shown to be important for
its role in vasculature formation as well as heart development (9, 10), but recent work
demonstrates its role in controlling migration of double-positive thymocytes (11). Plexins
have different ligands by which they exert their function. The primary ligands for the plexin
family of molecules are the semaphorins (3). Plexin-D1 has two known ligands,
semaphorin-4A and semaphorin-3E (11, 12). However, semaphorin-3E is the only plexin-D1
ligand that has been identified in immune tissues (11).
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Successful activation of B cells during a T-dependent (Td) immune response is essential in
providing long-term immunity (13, 14). The Td response results in follicular (FO) B cell
activation and subsequent plasma cell development and germinal center (GC) formation
(15). The initial Td response results in low-affinity Ag-specific IgM or IgG production by
short-lived plasma cells that reside in the spleen (16-18). The GC reaction, which develops
more slowly, gives rise to memory B cells and long-lived bone marrow (BM) plasma cells
that provide the rapid and robust serum Ab responses characteristic of secondary, memory
responses (16, 19). GCs are the primary sites for affinity maturation, which is characterized
by clonal expansion and somatic hypermutation (19).

Whereas many studies have addressed the GC response and the types of mechanisms
involved in its initiation and maintenance, we lack a complete understanding of this process.
Earlier work suggested that the GC is divided into two distinct compartments, the light and
dark zone (20). The dark zone is characterized by rapidly proliferating B cells (centroblasts),
which additionally undergo somatic hypermutation. The light zone is populated by FO
dendritic cells that present Ag to activated B cells and facilitate clonal selection (21). This
view has recently been revised as new data suggest that clonal selection can also occur in the
dark zone (22). GC B cells found in the dark and light zones are not as morphologically
different as originally thought (22, 23). Additionally, these studies report intrazonal
circulation of GC B cells and substantial traffic along the GC periphery where B cells are
thought to travel and receive T cell help (22, 23).

Previous studies have suggested that activated B cells specific for a foreign Ag seed the GC
within a few days after the initiation of the immune response (13, 18, 24). B cells are then
selected and continue on as long-lived plasma cells or memory B cells (22, 25, 26).
Chemokines are key regulators of the GC reaction, as follows: the chemokine receptors such
as CXCR4 and CXCR5 control formation and maintenance of GC (27-29); CXCL13 and its
receptor CXCR5 direct activated B cells to the GC light zone and are required for proper
positioning of the GC light zone (25); and CXCL12 is thought to be required for the
recruitment of CXCR4-expressing GC B cells from the light zone into the dark zone (25).
Although the identification of key chemokines and their receptors has furthered our
understanding of the GC reaction, we still lack a complete picture of the molecular
mechanisms involved in guiding B cells into and out of the GC reaction. Indeed, gene
deletion studies focusing on CXCR4- and CXCR5-dependent mechanisms have suggested
that GC formation is influenced by other, yet-to-be identified guidance molecules that traffic
activated B cells in and out of the GC (22, 25, 26, 29).

A gene-profiling report found plexinB2 as one of the genes that are expressed by GC B
cells, although the physiological relevance of this finding was not explored (30). Plexins and
their receptors, semaphorins, play significant roles in cell migration and positioning in other
immune organs and are, therefore, likely candidates to play important roles in formation and
maintenance of the GC (3). Thus, it is important to explore the physiological and functional
role of plexins in the GC reaction.

This work reveals that plexin-D1 is expressed by B lymphocytes and that expression is
greatly enhanced in activated B cells. Moreover, PlxnD1−/− B cells fail to participate
efficiently in the GC reaction. Additionally, recall immune responses are attenuated in the
absence of plexin-D1 leading to defective Ab production. These results indicate a novel
physiologic role of plexin-D1 in B cell activation.
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Materials and Methods
Mice

C57BL/6 and congenic C57BL/6 CD45.1 mice were obtained from the National Cancer
Institute (Boston, MA). PlxnD1+/− mice were a generous gift from Dr. Thomas Jessell’s
laboratory and have been described previously (9). Mice were housed in a pathogen-free
barrier facility at University of North Carolina. These studies were approved by the
University of North Carolina Animal Care and Use Committee.

For fetal liver chimeras, PlxnD1+/− mice were crossed for >10 generations with C57BL/6
mice and intercrossed to obtain PlxnD1−/− and PlxnD1+/+ embryos. PlxnD1+/+ and
PlxnD1−/− fetal livers were prepared from E14 embryos post-PCR genotyping, as previously
described (9). Five million fetal liver cells were then injected (i.v.) into lethally irradiated
C57BL/6 CD45.1 mice. Mice were analyzed 6–10 wk postreconstitution. For mixed chimera
experiments, fetal liver cells were obtained from PlxnD1−/− embryos (CD45.2) and
PlxnD1+/+ embryos (CD45.1), mixed (1:1 ratio), and injected into lethally irradiated C57BL/
6 CD45.1 recipient mice. Mice were allowed to reconstitute for 6–8 wk before use.

Immunizations
4-Hydroxy-3-nitrophenylacetyl–chicken γ-globulin immunization—Fetal liver
chimeric mice were immunized (i.p.) with 4-hydroxy-3-nitrophenylacetyl18–chicken γ-
globulin (NP18-CGG; 10 μg) precipitated in alum and suspended in 200 μl PBS. Mice were
bled before, 4 d, 7 d, 14 d, and 28 d after immunization to determine Ag-specific serum Ab
levels. Spleens were harvested 4 d, 7 d, 14 d, and 21 d postimmunization and analyzed via
FACS and immunofluorescent labeling of tissue sections. Remaining animals were boosted
with NP18-CGG (10 μg) at 28 d postprimary immunization. Serum was then collected 14 d
postboost.

NP-Ficoll immunization—Fetal liver chimeric animals were immunized (i.p.) with NP-
Ficoll (25 μg) suspended in 200 μl PBS. Mice were bled before, 3 d, and 5 d after
immunization to determine Ag-specific serum Ab levels.

ELISA
ELISA plates (BD Falcon) were coated with 2 μg/ml (50 μl/well) capture reagent goat anti-
mouse Ig(H+L), 4-hydroxy-3-nitroiodophenylacetyl (NIP)2-BSA, or NIP25-BSA in 0.1 M
carbonate buffer (pH 9.5) overnight at 4°C. Detection Abs included HRP-conjugated goat
anti-mouse IgM and goat anti-mouse IgG1, IgG2b, and IgG3 from Southern Biotechnology
Associates (Birmingham, AL). Each serum sample was diluted 1:333 and was followed by
5–10 serial 3-fold dilutions and assayed in duplicate. Purified mouse IgM and IgG mAb
were used to generate standard curves beginning at 1 μg/ml and diluted to 6 ng/ml.

In vitro B cell migration
FO (B220+CD21lowCD23high) B cells were sorted from the spleens of wild-type (WT) and
PlxnD1−/− animals and activated in the presence of anti-μ and anti-CD40 overnight. Cells
were then counted and suspended in RPMI 1640 with 0.1% fatty acid-free BSA. Cells were
resuspended at a density of 107 cells/ml and incubated at 37°C for 30 min prior to Transwell
migration assay. Media (100 μl) were added to the upper chamber of 24-well migration
plates with a pore size of 5 μm (Corning Costar). Top chambers were inserted into wells
containing 600 μl media with CCL19 (500 ng/ml), CXCL13 (500 ng/ml), or CXCL12 (150
ng/ml). Plates were incubated for 2 h at 37°C. All cells were counted by flow cytometry, as
previously described (25).
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ELISPOT assays
Ag-specific Ab-forming cells—ELISPOT plates (Millipore) were coated with 2 μg/ml
(50 μl/well) NIP25-BSA or goat anti-mouse Ig(H+L) in 0.1 M carbonate buffer (pH 9.5)
overnight at 4°C. One million splenocytes (5 and 14 d postprimary immunization) and 1
million BM cells (14 d postboost) obtained from immunized animals were serially diluted
and plated in triplicate. Cells were incubated at 37°C in a humidified CO2 incubator for 4 h.
Plates were washed and reblocked for 24 h using blocking buffer (1× PBS [pH 7.4], 0.1%
Tween 20, and 0.5% BSA). Membranes were probed with alkaline phosphatase–conjugated
IgG (Southern Biotechnology Associates), and spots were developed with Sigma FAST 5-
bromo-4-chloro-3-indolyl phosphate/NBT (Sigma-Aldrich).

Cell culture
Proliferation assays—B cells were sorted by FACS or using a B cell-negative selection
kit (StemCell Technologies). A total of 2 × 105 purified B cells was cultured in RPMI 1640
media (Life Technologies) containing 10% FBS, 10-4 M 2-ME, and penicillin/streptomycin
antibiotics in 96-well plates. Cells were cultured in the presence of 5 μg/ml LPS (Sigma-
Aldrich) or 5 μg/ml anti-μ (Jackson ImmunoResearch Laboratories) for 48 h. A total of 1
μCi [3H]thymidine was added to the cultures for the last 8 h to assess proliferation. FACS-
sorted FO (B220+CD21lowCD23high) B cells were labeled with 5 μM CFSE (Sigma-
Aldrich) and cultured in the presence of 5 μg/ml IgM or 5 μg/ml LPS. Proliferation was
assessed by flow cytometry after 72 h.

B cell activation—FO and marginal zone (MZ) B cells were sorted from the spleens of
C57BL/6 animals and cultured in the presence of 5 μg/ml LPS (Sigma-Aldrich), 1 μg/ml
anti-μ (Jackson ImmunoResearch Laboratories), or 1 μg/ml anti-CD40 (eBiosciences, San
Diego, CA) for 72 h. RNA and cDNA for RT-PCR and quantitative real-time PCR were
prepared, as described above.

Abs and FACS
mAbs included the following: B220 (RA3-6B2), CD23 (B3B4), BP1 (6C3), CD24 (M1/69),
CD43 (S7), GL-7, and allophycocyanin Alexa750-conjugated streptavidin from BD
Pharmingen (San Diego, CA); IgM (eB121-15F9), IgD (11-26), CD21 (eBio8D9), CD93
(AA4.1), CD5 (Ly-1), CD45.2 (104), CD4 (L3T4), CD8 (Ly-2), and TCRβ (H57-597) from
eBiosciences; Igκ and Igλ from Southern Biotechnology Associates; and CD38 (90) and
IgG1 (RMG1-1) from Biolegend (San Diego, CA). Secondary Abs included anti-FITC
Alexa488, Alexa350-conjugated streptavidin, and Alexa405-conjugated streptavidin from
Invitrogen (Raleigh, NC). Single-cell suspensions of different tissues were counted, and 106

cells were suspended in FACS buffer (1× PBS plus 2% FBS) and stained with various Ab
combinations. All flow cytometry was performed on a FACSCalibur or LSRII cytometer
(BD Biosciences) and analyzed with FlowJo software (Tree Star). Cell sorting was
performed on a MoFlo cytometer (Beckman-Coulter).

Histology
Spleens from naive and immunized mice were embedded in OCT compound, snap frozen,
and stored at −80°C. Sections (5 μm) were prepared and fixed with 1:1 acetone:methanol for
10 min at −20°C and labeled with various combinations of fluorescently labeled Abs.
Additionally, sections from various spleens were H&E stained. Images were acquired using
a Zeiss Axiovert 200M or Zeiss LSM 710 confocal immunofluorescent microscope.
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Statistical analysis
Statistical significance was determined with two-tailed Student t test. All p values <0.05
were considered significant.

Results
PlxnD1 is predominantly expressed in B cells and upregulated by B cell activation

Expression of plexin-D1 in the immune system has not been fully characterized. PlxnD1
was recently shown to be expressed by double-positive thymocytes and controlled
movement within the thymus (11), indicating a role for PlxnD1 in lymphocyte development
and migration. We extended plexin-D1 expression studies from immature thymocytes to
peripheral T and B cells using RT-PCR (Fig. 1A) and quantitative real-time PCR (Fig. 1B).
PlxnD1 mRNA expression is minimally detected in peripheral CD4 and CD8 T cells and in
mature T cells that have been cultured under Th1 and Th2 skewing conditions. To
characterize plexin-D1 expression in B cells, splenic (FO)
(B220+IgDhighIgMlowCD21lowCD23high) and MZ (B220+IgDlowIgMhighCD21highCD23low)
B cells were isolated by flow cytometry. As shown by both RT-PCR and real-time PCR,
PlxnD1 mRNA was minimally expressed by resting naive FO B cells, slightly elevated in
the GC B cell compartment, but highly expressed by MZ B cells (Fig. 1). Activation of
sorted FO B cells with LPS, anti-IgM, and anti-CD40 resulted in dramatically increased (20-
to 30-fold) plexin-D1 expression, suggesting that this gene might play a role in B cell
immune responses (Fig. 1B). Thus, in peripheral lymphoid organs, plexin-D1 is
constitutively expressed by MZ B cells and is upregulated in FO B cells upon activation.
These data suggest that plexin-D1 expression is associated with activated B cell populations.

PlxnD1−/− B cells exhibit normal development and in vitro activation profiles in mice
engrafted with PlxnD1−/− fetal liver cells

Conventional plxnD1 gene inactivation in mice results in embryonic lethality, thereby
prohibiting any study of a fully developed immune system (10). To determine whether the
absence of plexin-D1 affects lymphocyte development, lethally irradiated C57BL/6 CD45.1
mice were reconstituted with either WT or PlxnD1−/− fetal liver cells. Donor and recipient
hematopoietic cell populations were readily distinguished based on the expression of the
CD45.1 (host) or CD45.2 (donor) allelic markers. Hematopoietic reconstitution of irradiated
mice receiving either WT or PlxnD1−/− fetal liver was >90%, as assessed by flow cytometric
analysis of splenocytes (Fig. 2Ai).

We analyzed B cell development in the BM of PlxnD1−/− and WT control mice by the
criteria of Hardy, based on expression of B220, CD43, BP1, and heat stable Ag (HSA) (Fig.
2Aii, 2Aiii) (31). B220+CD43high cells were separated into three populations, as follows:
BP1−HSA−, BP1−HSA, and BP1+HSA+: A (prepro-B cells), B (pro-B cells), and C (late
pro-B cells). BM of PlxnD1−/− and WT control animals showed no difference in the
percentage of pro-B cells and pre-B cells (Fig. 2Aiii). These data demonstrate that
expression of plexin-D1 is not required to generate early progenitor B cell compartments.

To evaluate B cell development and maturation, we examined the splenic B cell
compartments of PlxnD1−/− and WT control animals using mAbs to B220, IgM, IgD, CD21,
CD23, and CD93. The immature transitional B cell compartments, defined by IgM, CD23,
and CD93 expression (32), were similar in PlxnD1−/− and WT animals, suggesting that B
cell development in the spleen is normal (Supplemental Fig. 1A). FO B cell (IgMintIgDhigh)
frequencies were also comparable between PlxnD1−/− and WT control animals (Fig. 2Aiv).
In contrast, when MZ B cells were examined, there was a 2-fold reduction in the percentage
of these cells in PlxnD1−/− mice compared with WT controls, whereas FO B cell
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percentages remained unchanged, thus suggesting a potential importance of plexin-D1 in
MZ function (Fig. 2B). All data, including total cell numbers, are compiled in Supplemental
Table 1. In addition, we examined the B cell compartment in the peritoneal cavity of
PlxnD1−/− animals and no differences were found in the percentages and numbers of B1 and
B2 compartments (Supplemental Fig. 1B).

The proliferation of PlxnD1−/− B cells in response to anti-IgM or LPS stimulation as
determined by [3H]thymidine incorporation (Fig. 2C) or CFSE dilution (Fig. 2D) was
normal in PlxnD1−/− FO and MZ B cells. Histological studies of the spleen revealed normal
splenic architecture in PlxnD1−/− mice, as determined by characteristic white and red pulp
structure (Fig. 2E). These data suggest that plexin-D1 is dispensable for B cell proper
localization in the spleen.

PlxnD1−/− animals have attenuated GC responses
The reduction in the percentage of MZ B cells in PlxnD1−/− animals compared with WT led
us to investigate whether humoral immune responses were affected by the absence of plexin-
D1. We analyzed basal Ig levels in WT and PlxnD1−/− sera by ELISA. Basal total IgM and
IgG3 were comparable between WT and PlxnD1−/− animals, but IgG1 and IgG2b levels
were significantly reduced in PlxnD1−/− mice compared with WT mice (Fig. 2F).

The defect in Td Ig class switching could be attributed to impaired GC reactions in
PlxnD1−/− animals. GCs are pivotal sites for facilitating Ig class switching, and we analyzed,
therefore, the formation of GCs in the spleens of PlxnD1−/− and control mice after NP-CGG
immunization (15). Spleens were harvested on day 14 postimmunization, and splenocytes
were analyzed by flow cytometry to determine the frequency of B220highGL-7high GC B
cells (29) present within the total B220+ population. Whereas there was no difference at
naive state, PlxnD1−/− animals showed a lower percentage of GC B cells when compared
with WT postimmunization (Fig. 3A). We observed a 2-fold reduction in the percentage and
numbers of GC B cells for PlxnD1−/− mice, at days 7, 14, and 21, compared with WT (p <
0.01) (Fig. 3B, Supplemental Table 1). There was no significant difference in the
percentages of B220highGL-7+ B cells between WT and PlxnD1−/− mice at day 4, suggesting
that the kinetics of GC onset were not changed by plexin-D1 (Fig. 3B). Splenic cryosections
were labeled with mAbs to TCRβ, B220, and GL-7 to determine whether GCs form in
PlxnD1−/− mice. PlxnD1−/− animals showed a reduction in the size of the GCs as determined
by histology at day 14 (Fig. 3C). B cell contribution to GC formation was entirely of donor
origin (Supplemental Fig. 2A). Additionally, we stained splenic sections with CD21 to
determine the dark and light zone of the GCs in WT and PlxnD1−/− animals (Supplemental
Fig. 2B). Our data demonstrate that dark and light zones are present in both WT and
PlxnD1−/− mice despite the size of the GCs.

To expand the analysis of GC frequency in WT and PlxnD1−/− mice, five to eight nonserial
sections were prepared from immunized spleen samples. The number of GCs was counted
and normalized to the number of follicles per section to account for differences in area.
These results showed that the number of follicles that contained GCs was lower in the
PlxnD1−/− animals compared with WT controls (Fig. 4A). To quantify the difference in GC
size between PlxnD1−/− and WT animals, the area of individual GCs was measured using
ImageJ software. Whereas WT animals showed a higher distribution of the medium and
large GCs, PlxnD1−/− mice contained an elevated frequency of small GCs and a reduced
frequency of large GCs (Fig. 4B). A compilation of >200 GC/mouse type shows that the size
of GCs in PlxnD1−/− mice is reduced by ~2-fold compared with the WT controls (Fig. 4C).
Taken together, these data demonstrate that hematopoietic-derived plexin-D1 controls both
the number and size of GCs formed during immunization.
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The NP-hapten elicits a restricted Ab response to Ighb/λ1 mice (33). To exclude the
possibility that the differences we observed in the GC reaction are a result of different
frequencies of Igλ+ B cells in the absence of plexin-D1, we enumerated Igλ+ B cells in
PlxnD1−/− mice and found comparable percentages and distributions of Igλ+ B cells to WT
(Supplemental Fig. 3A, 3B). We also determined the presence of Igλ+ cells in the GCs of
WT and PlxnD1−/− mice (Supplemental Fig. 3C).

PlxnD1−/− B cells participate in the GC reaction less efficiently than WT B cells
To determine whether the expression of plexin-D1 was required for optimal GC formation,
irradiated WT mice were reconstituted with fetal liver cells from PlxnD1−/− and WT mice
(Fig. 5A). After 8 wk, double chimera mice were immunized with NP-CGG. Fourteen days
after immunization, spleens from immunized and naive mice were analyzed by flow
cytometry and histology. The reconstitution of irradiated recipients by WT and PlxnD1−/− B
cells was similar (Fig. 5B). We determined the frequency of GC B cells (B220highGL-7high)
in the chimeric mice postimmunization. Flow cytometry analysis revealed a near 3-fold
decrease in the percentage of GC B cells derived from PlxnD1−/− fetal liver cells compared
with WT (Fig. 5B, 5C). Results obtained from six individual mice are compiled in Fig. 5C.
Additionally, we performed immunofluorescence staining on sections obtained from the
spleens of chimeric mice to determine the presence of WT or PlxnD1−/− B cells in the GC
(Fig. 5Di). We observed a lack of CD45.2+ PlxnD1−/− B cells in >70% of the GC examined.
In a competitive environment, PlxnD1−/− B cells are less efficient than WT cells in entering
GC. Additionally, we stained splenic sections with CD21 to define the light zone of the GC.
We observed abundant CD45.1+ WT, but only occasional CD45.2+ PlxnD1−/− B cells in the
light zone of the GCs (Fig. 5Dii). The majority of PlxnD1−/− B cells accumulated around the
GCs. These data are consistent with the results obtained earlier with PlxnD1−/− mice to
indicate that formation of GC is impaired.

PlxnD1−/− B cells exhibit reduced migration to CXCL12, CXCL13, or CCL19
To investigate possible mechanisms behind the reduced size and frequency of GC in
PlxnD1−/− mice, the response to B cell chemokines involved in GC recruitment (CXCL12,
CXCL13, and CCL19) was measured using an in vitro Transwell migration assay performed
with naive and activated B cells.

In addition to the in vivo experiment described in Fig. 5 in which WT and PlxnD1−/− B cells
were assessed for their participation in the GC in a competitive assay, we performed an
analogous experiment in which naive or activated WT and PlxnD1−/− B cells were
combined in an in vitro competitive B cell migration assay toward CXCL12, CXCL13, and
CCL19. Migration of B cells was quantified by flow cytometry, and data are presented as
the percentage of migrating B cells over input. Migration of naive B cells toward these
chemokines was not affected (Supplemental Fig. 4A). However, migration of activated B
cells was uniformly reduced in PlxnD1−/− cells compared with WT B cells in the same wells
(Fig. 6A). We also assessed the cell surface expression of receptors for CCL19, CXCL12,
and CXCL13 by flow cytometry. We did not observe significant differences in cell surface
expression for CCR7, CXCR4, and CXCR5 in naive or activated B cells (data not shown),
indicating that the lack of responsiveness to chemokines was not due to lowered expression
of the associated chemokine receptors. These observations demonstrate that plexin-D1
regulates B cell migratory responses to a panel of chemokines important for GC reaction.
Additionally, we assessed T cell migration in vitro in response to CXCL12 and CCL19
chemokines. T cell migration was not affected in the absence of plexin-D1 as compared with
WT mice (Supplemental Fig. 4B).
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To determine whether the loss of GC B cells in the absence of plexin-D1 was associated
with altered GC B cell proliferation, we quantified the percentages of proliferating GC B
cells by BrdU incorporation at day 14 postimmunization. As shown in Fig. 6B, absence of
plexin-D1 does not affect the proliferation rate of GC B cells. Similarly, BrdU incorporation
in non-GC B cells is comparable between PlxnD1−/− and WT animals (Supplemental Fig.
5). Additionally, we determined whether diminished GC B cells were due to increased B cell
death in the absence of plexin-D1. To this end, we employed TUNEL staining. As shown in
Fig. 6C, the numbers of TUNEL+ cells were comparable between WT and PlxnD1−/− GCs.
Together, these data suggest that decreased numbers of GC B cells in the absence of plexin-
D1 are not due to diminished in vivo B cell proliferation or increased B cell death. We
attribute the decreased ability of PlxnD1−/− animals to form robust GCs to the inability of B
cells to efficiently migrate into the GCs in the absence of plexin-D1.

PlxnD1−/− mice show attenuated secondary humoral immune response
Given the impaired GC response of PlxnD1−/− chimeras, we examined the generation of
humoral immune memory in these mice. The GC reaction is crucial for the efficient
production of memory B cells and long-lived BM plasma cells, which comprise the cellular
memory compartments (16, 19). To measure memory B cell responses, WT and PlxnD1−/−

mice were immunized with NP-CGG in alum and then boosted with NP-CGG 28 d
postprimary immunization. Serum samples were collected before immunization, 7 d, 14 d,
and 28 d postprimary immunization, and 14 d after secondary boost. An ELISA to determine
both total- and high-affinity serum Ab was performed with all serum samples.

Naive PlxnD1−/− or WT mice contained low to undetectable levels of NP-reactive IgG1 Ab,
whereas 14 d postimmunization NP-specific Ab levels in these mice increased (~1000-fold)
(Fig. 7A). Primary serum Ab responses of PlxnD1−/− and WT animals did not differ (p >
0.05) in high- or total-affinity Ab levels (Fig. 7A, 7B). Secondary Ab responses, however,
were significantly reduced (p < 0.05) in PlxnD1−/− mice compared with WT for both low-
and high-affinity Ab (Fig. 7A, 7B). These results showed that the initial immune response in
PlxnD1−/− mice is similar to WT controls, whereas a secondary challenge revealed that the
recall response is suboptimal in PlxnD1−/− mice. To determine the effect of plexin-D1 in
affinity maturation, we obtained the ratio of NP2/NP25 (Fig. 7C).

To examine whether Ag-specific class switching Ab-forming cells (AFC) were affected in
PlxnD1−/− animals, we performed ELISPOT assays to determine the frequencies of NP-
specific IgG-secreting cells in the spleens of immunized mice at 5 and 14 d after primary
immunization. The number of splenic NP-specific AFC increased after immunization
compared with naive controls in both WT and PlxnD1−/− animals. However, the frequency
of NP-specific IgG AFC was lower in PlxnD1−/− animals compared with WT animals at day
14, but not at day 5 after primary immunization (Fig. 7D). Interestingly, we did not observe
a difference in the numbers of NP-specific IgM AFC at day 5 and 14 postimmunization,
suggesting that formation of nonclass-switched plasma cells is normal in PlxnD1−/− animals
(Supplemental Fig. 6). Taken together, these data suggest that initial extrafollicular
responses in PlxnD1−/− mice are intact. We also compared the levels of NP-specific AFC in
the BM of PlxnD1−/− or WT control animals following a secondary boost where long-lived,
memory AFC reside. PlxnD1−/− mice exhibited a reduction of NP-specific IgG AFC
following secondary challenge (Fig. 7E). We correlate a reduction in the frequency of NP-
specific AFC with reduced levels of IgG1 observed at day 42, which is 14 d after the
secondary challenge.

Taken together, these data suggest that although initial AFC formation is normal in
PlxnD1−/− mice, the continued generation of these cells is reduced as compared with WT
controls.
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We also examined the role of plexin-D1 during a T-independent immune response by
immunizing PlxnD1−/− and WT mice with NP-Ficoll in PBS. There were no significant
differences in the levels of NP-specific serum IgM between WT and PlxnD1−/− mice in
response to NP-Ficoll (Supplemental Fig. 7). Thus, plexin-D1 expression on B cells appears
to specifically regulate GCs and the formation of humoral immune memory associated with
Td responses.

Discussion
This study identifies a novel role for plexin-D1 in B cell biology and, to our knowledge,
represents the first demonstration of a plexin molecule that affects GC formation and
humoral immune memory. In our study, PlxnD1 was expressed at low levels by FO B cells
and substantially induced by LPS, IgM, or CD40 engagement. Despite its relative abundance
in activated B cells, plexin-D1 was not required for FO B cell development and maturation
as all B cell subpopulations tested were present in normal frequencies in the BM, spleen,
peritoneal cavity, and lymph nodes of PlxnD1−/− animals.

The enhancement of PlxnD1 expression by B cells following activation suggested a role for
this molecule during the course of an immune response. Indeed, immunization with Td Ags
resulted in a reduced memory IgG1 response in PlxnD1−/− mice compared with the WT
mice, accompanied by reduced size and numbers of splenic GCs. The GC is a primary site
for class switch recombination, affinity maturation, and plasma cell and memory cell
development (13, 18, 29). The reduced frequency of GC B cells was followed by a
significant reduction in Ag-specific AFC formation in the BM following secondary
challenge. The size and frequency of GCs are important in providing a pool of B cells that
develop into AFC-producing class-switched Ab (29). Plexin-D1 is important in controlling
these events and, thereby, ensures robust humoral responses. Additionally, Plexin-D1 may
be important in specifically regulating either the generation or maintenance of memory B
cells. Both of these events are needed to provide a robust memory immune response, and
defects in either compartment can result in ablated Ab responses (17, 21).

Defects in the GC reaction can be the result of abnormal structural organization of lymphoid
tissues (34). For example, LTα−/− mice have disturbed splenic architecture due to the
inability of T and B cells to form distinct T and B cell zones (35). This phenomenon leads to
unsuccessful IgG responses in these mice following immunization (35).
Immunohistochemistry analysis of PlxnD1−/− spleens revealed normal splenic architecture,
suggesting that the separation of B and T cells into distinct compartments is unaffected in
these animals. Moreover, these data suggest that homing of B and T cells into secondary
lymphoid organs is intact in the absence of plexin-D1.

Early T-independent immune responses in PlxnD1−/− animals are not affected, in the context
of the NP-Ficoll response, despite a reduction in the number of MZ B cells. This suggests
differential requirements for plexin-D1 during the course of an in vivo immune response
controlled by different B cell subtypes. These data resemble the phenotype observed in
Rap1b−/− animals in which the MZ B cell compartment is reduced due to the role of rap1b in
controlling integrin functions (36). However, Rap1b−/− mice exhibit unaltered FO B cell
compartments. MZ B cells can participate in the Td immune response by acting as APCs and
shuttling in and out of the follicles (37). A reduction in MZ B cell numbers can result in
altered Td responses. However, assessment of early Td responses in PlxnD1−/− mice
suggests that the phenotype observed in the absence of plexin-D1 is probably not due to the
reduced numbers of MZ B cells.
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Plexins were originally identified in the nervous system as receptors for semaphorins, a
large class of both secreted and membrane-bound glycoproteins (38). Plexins are grouped
into four different families (A, B, C, and D) based on their structural homology (38).
Semaphorins are divided into eight subclasses, as follows: classes 1 and 2 belong to
invertebrates, classes 3–7 belong to vertebrates, and class 8 belongs to viruses. Semaphorins
can bind to their primary receptors, plexins, alone, or in the presence of neuropilin receptors.
Plexins control cell adhesion via their intracellular domains, which contain GTPase-binding
structures and are responsible for an array of signaling cascades (39, 40). Absence of plexins
can lead to impaired immune responses controlled by various cell types (4-8).

The importance of plexin-D1 in cell adhesion and migration has been demonstrated in both
the vascular and immune system. Absence of plexin-D1 results in aberrant vasculature
patterning and growth via mechanisms that involve R-Ras and Arf6 (9, 40). In the immune
system, absence of plexin-D1 results in impaired activated thymocyte migration toward
CXCL12 and CCL23 chemokines (11). We extend these studies to show a role for plexin-
D1 in B cell movement in peripheral lymphoid organs. In vivo, lack of plexin-D1 results in
impaired B cell movement and participation in the GC. In vitro, migration of plexin-D1–
deficient B cells toward chemokines that are implicated in Td immune responses as well as
the GC reaction is impaired. CCL19 has been implicated in recruiting B cells to the spleen
and further contributing to their ability to travel and scan different areas in search for their
cognate Ag (41, 42). Additionally, CXCL13 is highly expressed in the spleen and is required
for migration of B cells to the follicles and subsequently to nascent GCs (25, 28). CCL19,
CXCL12, and CXCL13 are thought to be important in setting up GCs and additionally
regulating recruitment of B cells to the light and dark zones (25). Our in vitro migration
experiments revealed that activated B cells had a reduction in migration abilities toward the
tested chemokines, CXCL12, CXCL13, and CCL19. This occurred despite the fact that the
receptors for these chemokines were expressed at normal levels by PlxnD1−/− B cells. These
findings suggest that plexin-D1 may be important in allowing activated B cells to enter the
GC in vivo by facilitating effective migration toward GC chemokines. Upregulation of
plexin-D1 expression by activated B cells may be an important mechanism that initiates
activated B cell movement and prompts Ag-specific B cells to participate in the GC reaction.
Once this process is initiated, GC B cells downregulate plexin-D1 perhaps as a mechanism
to facilitate their retention in the GC. We have identified a novel mechanism regulating B
cell migration to GC chemokines that is distinct from chemokine receptor expression. The
stage at which the defect in the GC response occurs needs to be established. It is possible
that this defect occurs prior to the initiation of the GC reaction and absence of plexin-D1 in
activated B cells blocks participation of activated B cells in the GC response. Moreover, the
mechanisms underlying the ability of plexin-D1 to specifically regulate migration of GC B
cells to CXCL12, CXCL13, and CCL19 will be examined in future studies.

The importance of plexins and semaphorins in controlling immune cell development and
immune responses is recently being appreciated. For example, Plexin-B1 is required for
proliferation and survival of B cells (4). Plexin-A1 expression by DCs is needed for proper
T cell activation and proliferation via control of rho activation and actin polarization events
in DCs (8, 43). Plexin-A4 is a negative regulator of T cell immune responses, and its
absence leads to development of autoimmunity in mice lacking plexin-A4 (5). Most
recently, expression of plexin-B2 in B cells was used to identify GCs (30). In this study, we
have identified plexin-D1 as a novel regulator of humoral immune memory. Some of the
defects observed over the course of Td immune responses could be attributed to the inability
of activated PlxnD1−/− B cells to migrate to the GC. These studies show that a single
member of the plexin family can exert various functions on different cell types (T and B)
depending on the stage of cell development or the state of immune activation. Further
studies involving PlxnD1−/− T cells and B cells are needed to define the role of this
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molecule in different types of immune responses. Plexin-D1 is, to our knowledge, the first
plexin shown to be directly involved in the control of GCs and consequently control of
humoral immune memory. This finding has implications in vaccine design in terms of
targeting the GC and promoting long-term immunity.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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AFC Ab-forming cell
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HSA heat stable Ag
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NIP 4-hydroxy-3-nitroiodophenylacetyl

NP 4-hydroxy-3-nitrophenylacetyl

Td T-dependent

WT wild-type
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FIGURE 1.
Expression of plexin-D1 by lymphocytes. A, Expression of PlxnD1 in the spleen, resting
CD4 and CD8 T cells, MZ and FO B cells, and Th1 and Th2 cells, assessed by RT-PCR.
Data are representative of three independent experiments. B, Expression of PlxnD1 in sorted
resting T cells; FO, GC, and MZ B cells; and activated B cells, as assessed by real-time
PCR. All values were normalized to HPRT. B cells were cultured in the presence of LPS (5
μg/ml), anti-μ (1 μg/ml), or anti-CD40 (1 μg/ml) for 72 h. Data are representative of three
independent experiments. Mean ± SEM. n = 8 mice.
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FIGURE 2.
Normal in vitro function exhibited by PlxnD1−/− B cells. A, Reconstitution of irradiated
recipients with WT and PlxnD1−/− fetal liver cells. mAb to CD45.2 was used to label
splenocytes and to determine the percentage of reconstitution. WT and PlxnD1−/− fetal liver
cells reconstituted equally well (i). mAbs to B220 and CD43 (ii), and HSA and BP1 (iii)
were used to determine the percentages of B cell progenitors in the BM using Hardy’s
fractionation (ii, iii). mAbs to B220, IgM, and IgD were used to determine the percentage of
mature FO B cell population in the spleen (iv). Plots are pregated on live CD45.2+B220+

lymphocytes. Data are representative of 10 mice for each genotype. Mean percentage ±
SEM is indicated for each cell type. B, mAbs to CD45.2, B220, CD21, and CD23 were used
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to determine the percentage of MZ B cell populations in the spleen, WT (■), and PlxnD1−/−

(□). Plots were pregated on B220+ splenocytes. Graph represents data pooled from nine
mice in three different experiments. **p < 0.01. C, Proliferation of B cells from mice
reconstituted with PlxnD1−/− and WT fetal liver cells, as assessed by [3H]thymidine uptake.
WT (■) or PlxnD1−/− (□) FO B cells were cultured in the presence of 5 μg/ml anti-IgM or 5
μg/ml LPS for 48 h. Cells were pulsed with [3H]thymidine for the last 8 h in culture to
determine cell proliferation, and data are presented as cpm. n = 9 mice per group. Data are
representative of three independent experiments. D, Proliferation of PlxnD1−/− and WT B
cells, as assessed by CFSE dilution. Data are representative of three independent
experiments. n = 9 mice per group. E, Splenic structure of mice reconstituted with
PlxnD1−/− and WT fetal liver cells. H&E staining of 5-μm spleen cryosections was
performed. Five spleens were analyzed for each genotype. F, Serum Ig levels in mice
reconstituted with PlxnD1−/− and WT fetal liver cells. Data were pooled from three
independent experiments. n = 9–14 mice per group.
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FIGURE 3.
Impaired GC response in PlxnD1−/− mice. A, Reduced frequency of GC B cells in mice
reconstituted with PlxnD1−/− cells relative to those with WT cells, as measured by flow
cytometry. Mice were immunized (i.p.) with 10 μg NP18-CGG in alum and spleens were
harvested at day 14 postimmunization. The percentage of B220highGL-7high B cells of total
B220high cells was determined by flow cytometry. B, Reduced frequency of GC B cells in
PlxnD1−/− (○) mice relative to WT (●) mice. Quantification of GC B cells as measured by
flow cytometry. The graph is representative of three independent experiments. Each point
represents data from one mouse. Small horizontal bars indicate mean values. **p < 0.001. C,
Reduction of GC size in mice reconstituted with PlxnD1−/− cells relative to those with WT
cells, as measured by histology. Sections (5 μm) of spleens from WT and PlxnD1−/− mice at
day 14 postimmunization were labeled with B220–AF350 (blue), TCRβ–PE (red), and
GL-7–FITC (green) Abs. FITC signal was amplified using anti–FITC-AF488 Ab. Images
were acquired using a Zeiss Axiovert 200M confocal immunofluorescent microscope. Day 0
samples are shown as control. n = 10 mice per group.
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FIGURE 4.
Decreased number and size of GCs in PlxnD1−/− mice. A, Reduced GC number in
PlxnD1−/− (○) mice than WT (●). Number of GCs was counted using five to eight different
5-μm sections for each mouse spleen divided by the total number of B cell follicles. Each
point represents data from one mouse. Data were pooled from three independent
experiments. Small horizontal bars indicate mean values. **p < 0.001. B, Reduced
percentage of larger GC in mice reconstituted with PlxnD1−/− cells (□) compared with WT
(■). GCs were divided into three groups, as follows: small (<12,000 μm2), medium
(12,000–25,000 μm2), and large (>25,000 μm2). The number of GCs in each group was
divided by the total number of GCs and was presented as a percentage. More than 200 GCs
were analyzed for each group. C, Reduced GC area in PlxnD1−/− mice. Area of individual
GCs was determined 14 d postprimary NP-CGG immunization using ImageJ. Data are
pooled from three independent experiments. n = 13. ***p < 0.0001.
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FIGURE 5.
PlxnD1−/− B cells participate in the GC reaction less efficiently than WT B cells. A,
Schematic of experimental design. B, Reduced frequency of PlxnD1−/−-derived GC B cells
relative to those with WT cells, as measured by flow cytometry. Mice were immunized (i.p.)
with NP-CGG in alum, and spleens were harvested at day 14 postimmunization. Percentage
of FO B cell reconstitution was determined by flow cytometry using anti-B220, CD45.1, and
CD45.2 Abs. The percentage of PlxnD1−/− CD45.2+B220highGL-7high B cells of total
B220high cells was determined by flow cytometry and was reduced relative to the percentage
of WT CD45.1+B220highGL-7high controls. n = 6 mice per group. Mean ± SEM are
presented for each genotype. Data were obtained in two separate experiments. C, Reduced
frequency of GC B cells in PlxnD1−/− (□) B cells relative to WT (■) B cells. Quantification
of GC B cells, as measured by flow cytometry. The graph is representative of two
independent experiments. Each point represents data from one mouse. p < 0.001. D, Splenic
sections from chimeric mice were stained with various combinations of CD45.1, CD45.2,
GL-7, and B220 Abs to determine the presence of WT and PlxnD1−/− B cells in the GCs (i).
Splenic sections from WT/PlxnD1−/− chimeric mice were stained with various combinations
of CD45.1, CD45.2, IgD, and CD21 Abs to determine the presence of WT and PlxnD1−/− B
cells in the GC light and dark zones (ii). Images were acquired using a Zeiss LSM 710
confocal immunofluorescent microscope. n = 6 mice per group.
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FIGURE 6.
Impaired in vitro migration of activated PlxnD1−/− B cells, but normal GC B cell
proliferation and cell death. A, Purified WT (□) and PlxnD1−/− (■) FO B cells were
activated in vitro, placed in the same well, and subjected to competitive in vitro migration
assays in the presence of medium alone, CXCL12, CXCL13, and CCL19 (A). WT and
PlxnD1−/− B cells were differentiated by CD45.1 and CD45.2 expression. Migrated cells
were quantified by flow cytometry and are presented as percentage of total input cells. n =
6–7 mice per group. B, WT and PlxnD1−/− mice were immunized with NP-CGG. Ten days
postimmunization, mice were injected i.p. with BrdU (1 mg/ml in PBS) and sacrificed 5 h
later. Splenocytes were labeled with anti-IgM, IgD, B220, and BrdU Abs to distinguish GC
B cells. BrdU incorporation is expressed as percentage of total GC B cells. Data are
representative of four individual mice per group. C, Sections (5 μm) of spleens from WT
and PlxnD1−/− mice at day 14 postimmunization were labeled with IgD–PE (red) and
TUNEL (green) Abs. Images were acquired using a Zeiss Axiovert 200M confocal
immunofluorescent microscope. TUNEL+ cells were quantitated for individual mice and
pooled. n = 4 mice per group.

Holl et al. Page 20

J Immunol. Author manuscript; available in PMC 2013 September 12.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



FIGURE 7.
Impaired secondary Td immune response in PlxnD1−/− mice. A and B, Serum Ig levels after
primary and secondary immunization in WT (solid line) and PlxnD1−/− (dotted line) mice.
Mice were immunized (i.p.) with NP18-CGG in alum and boosted at day 28 postprimary
immunization. Serum was harvested at various time points. Data were pooled from three
independent experiments. **p < 0.01 and n = 11 mice per group. C, The ratio of NP2/NP25
was estimated as an indicator of affinity maturation. D, Ag-specific splenic AFC formation
in mice reconstituted with WT (■) and PlxnD1−/− (□) fetal liver cells. Spleens were
harvested at day 5 and 14 postimmunization. NP-specific IgG AFC were enumerated by
ELISPOT. E, Ag-specific BM AFC formation in mice reconstituted with PlxnD1−/− and WT
fetal liver cells. BM was harvested at day 14 postsecondary immunization. NP-specific IgG
AFC were enumerated, as above. Data were pooled from three independent experiments.
Mean ± SEM. **p < 0.01 and n = 10 mice per group.
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