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Abstract

DAP-related apoptotic kinase-2 (DRAK?2), a DAP kinase family member, is highly expressed in B
and T lymphocytes in the human and the mouse. To determine whether DRAK?2 plays a role in B
cell activation and differentiation, we analyzed germinal centers (GCs) and the specific antibody
response to NP in drak2 7~ mice immunized with the thymus-dependent (TD) conjugated hapten
NP16-CGG. In drak2 7~ mice, spleen GCs were normal in size and morphology, but their number
was reduced by as much as five-fold, as compared to their wild-type littermates. This was not due
to a defect in B cell proliferation, as the BrdU uptake was comparable in DRAK2-deficient and
wild-type B cells. Rather, the proportion of apoptotic GC B and T cells in drak2 7~ mice was
significantly higher than that in wild-type control mice, as shown by 7-AAD and TUNEL staining.
In drak2 7~ mice, the generation of high affinity IgG antibodies was impaired in spite of the
seemingly normal somatic hypermutation (SHM) and class switch DNA recombination (CSR)
machineries in drak2 7~ B cells. In NP15-CGG-immunized drak2 ~~ mice, T cell-intrinsic Bcl-xL
transgene expression increased the number of GCs and rescued the high affinity IgG response to
NP. These findings suggest a novel role for DRAK2 in regulating the GC reaction and the
response to TD antigens, perhaps through increased survival of T cells and enhanced B cell
positive selection. They also suggest that DRAK2-deficiency is not involved in regulating intrinsic
B cell apoptosis.
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Introduction

DRAK?2 belongs to the DAP (death-associated protein) kinase family of pro-apoptotic
serine/threonine kinases [1]. All five members of this family (DAP kinase, DAPK2, ZIP
kinase, DRAK1 and DRAK?2) share a homology of the sequence restricted to their N-
terminal kinase domain [2]. The C-terminal regions, however, are diverse and implicated in
specific signal transduction pathways. DAP kinases are involved in both extrinsic and
intrinsic apoptotic pathways [3] and DRAK2 was shown to induce apoptosis upon
overexpression in several human tumor-derived cell lines [4]. DAP kinases are localized in
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both the cytoplasm and the nucleus [3]; in COS-7 (human), Caco-2 (human), NIH 3T3
(mouse) and NRK (rat) cells, DRAK?2 is primarily localized in the nucleus [5-7], and in
ACL-15 (rat) cells, primarily in the cytoplasm [7]. In non-stimulated Jurkat T cells, a stably
expressed DRAK2-GFP fusion protein was shown to be localized in the nucleus [5].
However, upon stimulation with phorbol myristate acetate (PMA) and phytohemagglutin
(PHA), two signals mimicking the antigenic stimulation of T cell receptors (TCRS),
DRAK2-GFP was exported from the nucleus to the cytoplasm [5], suggesting a potential
regulatory mechanism for DRAK?2 activities in T cells. Further, a C-terminal truncated
DRAK2 mutant, which possesses an intact N-terminal kinase domain, is localized to the
cytoplasm but fails to induce apoptosis in NIH 3T3 cells, suggesting that the C terminus of
DRAK?2 is required for its nuclear localization and induction of apoptosis [5, 7]. Finally, in
T cell line Jurkat, primary thymocytes as well as resting B cells, DRAK2 is
autophosphorylated at Ser12 upon antigen receptor stimulation and its kinase activity is
regulated by intracellular calcium mobilization [8].

DRAK?2 shares 52% homology with the DAP kinase, which was found to associate with
TNFo receptor and Fas-associated protein with death domain (FADD) to inhibit apoptosis
[9]. DRAK?2 has been suggested to plays a role in UV-induced apoptosis [7] and its
overexpression in NIH 3T3 cells or in transgenic T cells induces apoptosis [1, 10]. However,
ectopic expression of DRAK2 in NIH 3T3 cells or primary T cells using retroviral
transduction did not promote apoptosis [5]. Further, DRAK2-deficient T cells showed no
apparent defects in the apoptosis regulation upon stimulation in vitro with peptide-pulsed
antigen presenting cells (APCs), an agonistic anti-CD3 monoclonal antibody (mAb), anti-
Fas mAb, dexamethasone, staurosporine, etoposide or y-irradiation [11]. In addition,
drak2 7~ mice showed resistance to myelin oligodendrocyte glycoprotein (MOG)-induced
experimental autoimmune encephalomyelitis (EAE) [11]. However, DRAK2 was found to
be dispensable for the T cell recruitment into the central nervous system (CNS) following
infection of mice with mouse hepatitis virus (MHV), suggesting that the EAE resistance in
drak2 7~ mice was not due to an altered T cell trafficking in CNS [12]. Furthermore,
drak2 7~ memory T cells specific for MHV resulted in an accelerated clearance of MHV
from the brain when transferred into MHV-infected Ragl 7~ mice, suggesting an important
role for DRAK2 in regulating protective immunity against viral pathogens [13].

A potential role of DRAK2 in modulating T cell activation and survival is relevant to the
dynamics of the GC reaction and the events that orchestrate the generation of the antibody
response [14, 15]. GC formation is distinctive of T cell-dependent immune responses [16,
17] and the GC reaction is critical for the generation of mature immune responses involving
high affinity, class-switched antibodies, and plasma cells and memory B cells [18]. The
generation of B cells expressing high affinity and class-switched antibodies is achieved
through three sequential steps in the GC. It starts with the activation of B cells by primed T
helper (Ty,) cells, resulting in rapid B cell proliferation and clonal expansion, which generate
a diverse B cell receptor (BCR) repertoire for antigen through active SHM and CSR [19].
Next, B cells bearing mutated BCRs with high affinity for antigen are positively selected by
follicular dentritic cells (FDC) through an antigen-dependent mechanism [20-25]. Finally,
the positively selected B cells are provided a survival signals by Ty, cells to differentiate into
plasma and memory B cells, which have the capacity to produce high affinity class-switched
antibodies [26, 27].

Despite accumulating evidence that DRAK2 is involved in T cell signaling and
autoimmunity [5, 8, 10], little is known about its role in the development of a specific
antibody response. Here, we used DRAK2-deficient B cells and DRAK2-deficient mice to
address the role of DRAK?2 in the maturation of the antibody response. Our findings suggest
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important roles for DRAK?2 in the development of GCs and the generation of high affinity
and class-switched antibodies to TD antigens.

Materials and Methods

Mice and Immunization

Generation of Drak2 7~ mice were previously described [11]. The Bcl-xL transgene was
generated by the insertion of the human Bcl-xL cDNA downstream of the Ick proximal
promoter [28]. Mice used in the experiments were backcrossed to C57BI/6 for at least six
generations and were between 8 and 12 weeks of age and without apparent pathological
symptoms. For immunization, mice were intraperitoneally injected with a TD antigen, 4-
hydroxy-3-nitrophenylacetyl-chicken gamma globulin (NP15-CGG) (Biosearch
Technologies, Novato, CA) (100ug) mixed with alum (Pierce, Rockford, IL) (100 pl). In
some cases, three weeks later, a second intraperitoneal injection of NP1g-CGG (100 pg) was
given as a boost. Mice were housed in a pathogen-free environment and all the protocols
were in accordance to the rules and regulations of the Institutional Animal Care and Use
Committee (IACUC) at the University of California, Irvine, CA.

Immunofluorescence studies

Spleens from immunized and non-immunized mice were embedded in optimal cutting
temperature (OCT) (Sakura Finetek Inc., Torrance, CA), snap-frozen and stored at —80° C.
Seven-um thick cryostat sections were fixed using cold acetone and stored at —80° C for 25
min. Acetone fixed sections were then air dried for 20 min. at room temperature. Sections
were stained with fluorescein isothiocyanate (FITC)-labeled peanut agglutinin (FITC-PNA)
(E-Y Laboratories, San Mateo, CA) as a GC cell marker (1:100 dilution) and kept in the
dark for 1 hour, before being washed with PBS and then permeabilized using freshly
prepared 0.1 %Triton X-100, 0.1% sodium citrate for 10 min. After washing with PBS,
sections were allowed to dry for 10 min before adding anti-mouse DRAK2 mAb conjugated
with phycoerythrin (PE-anti-DRAK2 mADb) (Cell Signaling Technology Inc. Boston, MA)
and allowed to incubate for 1 hour at 37° C. Sections were then washed with PBS and
viewed under a fluorescence microscope. For GC analysis, 200 ul staining solution of PE-
conjugated anti-mouse CD45R (B220) mAb (RA3-6B2) (BD Biosciences, San Jose, CA), as
a B cell marker (1: 200 dilution), and FITC-PNA were applied to the acetone fixed sections
and kept in the dark at room temperature for 1 hour. The stained sections were washed using
PBS and mounted using anti-fade reagent (Invitrogen Corp., Carlshad, CA) for analysis.
TUNEL staining was used to visualize apoptotic cells in GCs under a fluorescence
microscope and was performed by first staining cryostat 7-um thick spleen sections with
FITC-PNA and PE-anti-B220 mAb. Sections we incubated at room temperature for 1 hour
in the dark washed with PBS and allowed to dry for 15 min. They were then permeabilized
using freshly prepared 0.1 % Triton X-100 plus 0.1% sodium citrate for 10 min before being
washed with PBS and allowed to dry for 10 min. TUNEL mix (Roche Diagnostics, Basel,
Switzerland) was then applied to the sections and allowed to incubate for 1 hour in 37 °C in
the dark. Sections were then washed with PBS and viewed under a fluorescence microscope.
SPOT Software (Diagnostic Instruments, Inc., Sterling Heights, MI) was used to view and
analyze images.

In vitro B cell proliferation

Proliferation was analyzed by CellTrace™ carboxyfluorescein succinimidyl ester (CFSE)
Cell Proliferation Kit (Invitrogen Corp.). Spleen single cell suspensions were washed in
Hank’s balanced salt solution (HBSS) and resuspended at 1 x 105/ml. Resuspended cells
were then incubated at 37 °C for 10 min., after addition of 2 uM CFSE. Stained cells were
suspended in ice-cold culture media, followed by a 5 min. incubation on ice. Cells were then
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pelleted and washed by HBSS before being cultured in the presence of nil or LPS (from E.
coli, serotype 055:B5, Sigma-Aldrich Co., St. Louis, MO) and rmIL-4 (R&D Systems,
Minneapolis, MN). After culture, B cells were harvested at different time points and
analyzed using a FACSCalibur™ flow cytometer.

In vivo B cell proliferation and apoptosis

Mice were injected intraperitoneally with NP15-CGG. After seven days, they were injected
with BrdU (1 mg), and again 16 hours later. Mice were then sacrificed 4 hours from the last
injection. Spleen cells were stained with PE-anti-B220 mAb and FITC-PNA. Cells were
then fixed and incubated with the permeablization buffer for 15 min in a dark at 4 °C, and
then stained with APC-conjugated anti-BrdU mAb using the BrdU Flow Kit (BD
Biosciences). Cells were analyzed using a FACSCalibur™ flow cytometer. To measure
apoptosis, B cells from immunized mice were stained with 7-amino-actinomycin D (7-
AAD) or Annexin V (BD Biosciences) in combination with PE-anti-B220 mAb or PE-anti-
CD3 mAb and FITC-PNA and incubated for 30 min. at 4 °C in the dark. Cells were then
washed and analyzed using a FACSCalibur™ flow cytometer. TUNEL staining was also
used to quantify apoptosis by counting TUNEL signals (red dots) using the SPOT Software
(Diagnostic Instruments, Inc.).

In vitro CSR assays

B cells were isolated from red blood cell depleted splenocytes from non-intentionally
immunized mice, and then cultured at 108 cell/ml in FCS-RPMI medium with 0.05 mM p-
mercaptoethanol. B cells were then stimulated in duplicate six plate wells with (i) nil, (ii)
LPS (20 pg/ml), for CSR to 1gG3 and (iii) LPS with rmIL-4 (2 ng/ml) for CSR to IgG1.
Cells were collected on day 4 for FACS® analysis of surface lg expression [10].

PCR amplification of Ig intronic VyJ558DJ4-iEp DNA

DNA was amplified from Payer’s patch B cells of NP15-CGG immunized mice. The intronic
VKJ558DJ4-iEpn DNA downstream of rearranged VDJy was amplified using semi-nested
specific PCR [29]. Primers were 5'-GCCTGACATCTGAGGACTCTGC-3' (forward) and
5-TCTCCAGTTTCGGCTGAATCC-3' (reverse) and 5'-
TGAGACCGAGGCTAGATGCC-3' (reverse). PCR reaction conditions for the first round
were 94 °C for 1 min, 58 °C for 1.5 min, 72 °C for 2 min for 30 cycles, and for the second-
round PCR were 94 °C for 45 s, 58 °C for 1 min and 72 °C for 1 min for 30 cycles. Platinum
Pfx DNA polymerase® (Invitrogen Corp.) was used for all DNA and cDNA amplifications.
PCR products were cloned into the pPCR-TOPO™ vector (Invitrogen Corp.) and sequenced.

Total and NP3-specific IgM and IgG1 titrations

NP3-specific IgM and 1gG1, and total IgM and IgG1 levels in drak2~~ and Drak2*/* mice
were measured using specific ELISAs. Mice where immunized with NP1g-CGG and boosted
at day 21. Serum was collected 7 days after the boost. To measure the serum levels of NP3-
specific IgM and IgG1, 96-well plates were coated with NP3-BSA. Mouse sera were diluted
1:3000 and added 100 pl to the wells. After incubation at 37° C for 2 hours and washing,
biotin-labeled anti-IgM or anti-lgG1 Ab was added to the wells for 1 hour. After a 1-hour
incubation, horseradish peroxidase-labeled streptavidin was added to the wells for 1 hour.
After 20 min. incubation with OPD substrate, the reaction was stopped with sulphuric acid
and absorbance was measured at 492 nm.

Autoimmunity. Author manuscript; available in PMC 2011 July 21.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

AL-QAHTANI etal. Page 5

Results

Impaired GC development in drak2=/~ mice

By examining the gene expression atlas of the Genomics Institute of the Novartis Research
Foundation (www.expression.gnf.org), we found DRAK2 mRNA to be highly expressed in
lymphoid organs, more particularly in both B and T cells. DRAK2 protein expression is
highest in B220* B cells, while it is nil in spleen dendritic cells (DCs) [11]. The high
expression of DRAK?2 in B cells of secondary lymphoid organs, specifically the spleen, has
suggested a role of DRAK?2 in the antibody response. To explore this possibility, we
immunized mice with the TD NP15-CGG conjugated hapten and examined GC formation
and DRAK?2 expression. GCs were identified as clusters of PNAN cells (Figure 1A) [30, 31]
or PNANB220* cells (Figure 1B). By staining spleen sections with FITC-PNA and PE-anti-
mouse Drak2 mAb, we found DRAK?2 to be specifically expressed within GCs of wild-type,
but not DRAK2-deficient, mice (Figure 1A).

To investigate the potential role of DRAK2 in GC development, we isolated spleens from
mice immunized with NP1g-CGG at days 0, 7, 10, 14, 18, 21 and 28, and stained spleen
sections with FITC-PNA and PE-anti-B220 mAb to analyze GC development in drak2 7~
and Drak2*/* mice. drak2 7~ GCs were normal in morphology and size, but their number
was significantly reduced, about one third of that in wild-type control mice at day 14 after
immunization (Figure 1B). The defective GC development was associated with a two-fold
reduction in the number of GC B cells (B220*PNAM) in drak2 7~ mice (Figure 1C). Further,
in wild-type mice, the highest GC numbers were found between days 14 and 18 (Figure 1D)
[32]. In drak2 7~ mice, the GC number peaked at day 7, but this was only 50% of that in
their Drak2*/* littermates. Overall, drak2 ”~mice showed a two- to five-fold reduction in
the number of GCs. Thus, drak2 7~ mice displayed a severely impaired GC reaction in the
TD antibody response to NP15-CGG.

drak2~/= B cells proliferate normally in vivo and in vitro

Impairment of B cell proliferation has been shown to impair GC development [25, 33]. To
determine whether impaired GC development in drak2 7~ mice was the result of a
deficiency in B cell proliferation, we performed in vitro proliferation assays using CFSE-
labeled B cells that were induced to proliferate by LPS or CD154 plus IL-4 [34]. These
experiments revealed comparable proliferation rates in drak2 7~ and Drak2*/* B cells
(Figure 2A, B). We also investigated B cell proliferation in vivo using BrdU incorporation in
GC B cells of drak2 7~ and Drak2*/* mice 7 days after immunization with NP14-CGG.
drak2 7~ GC B cells did not display any defect in proliferation, as BrdU uptake by these
cells in vivo was comparable to that of wild-type control GC B cells (Figure 2C). No BrdU
uptake was observed in non-immunized control mice (data not shown). Thus, the reduction
in GC numbers in drak2 7~ mice was not due to an intrinsic defect in B cell proliferation.

drak2—/~ mice showed impaired antibody responses to TD antigen

GCs are critical for the production and the affinity maturation of antibodies [35, 36]. We
hypothesized that the impaired GC formation in drak2 7~ mice would result in impaired
production of high affinity antibodies in these mice. To test this hypothesis, we collected
sera from NP1-CGG immunized drak2 7~ and Drak2*/* mice at day 28, after a booster
injection at day 21, and measured the ability of IgM and 1gG1 antibodies to bind NP3 as well
as, the serum concentration of total IgM and IgG1. In drak2 7~ mice, the total serum level of
IgM was comparable to their wild-type littermates; however, in these mice, the total 1gG1
serum level was significantly reduced (Figure 3). Moreover, drak2 ~ mice showed
significantly lower binding affinity of IgG1 to NP3. Thus, DRAK?2 activity is essential for
sustaining the GC reaction necessary for the generation of high affinity antibodies.

Autoimmunity. Author manuscript; available in PMC 2011 July 21.
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drak2~/~ B cells display normal SHM and CSR

Immunoglobulin (Ig) SHM and CSR occur in GCs. Both mechanisms play critical roles in
the development of efficient and mature antibody responses [37, 38]. SHM introduces point-
mutations at a very high rate (1073 base pair/cell division) in 1g V(D)J DNA [29, 39-41],
thereby providing the substrate for selection of high affinity mutants by the antigen driving
of the antibody response (affinity maturation). CSR diversifies the effector functions of the
antibody by replacing Cu exons with Cy, Co or Ce exons, thereby converting IgM to IgA,
1gG or IgE [29, 42-44].

We wanted to determine whether the defective production of high affinity antibodies in
drak2 7~ mice, was a result of impaired SHM. To this end, we analyzed the J,4-iEp intronic
region DNA and evaluated the frequency of mutations [29, 39, 40, 45, 46]. Point-mutations
in this region reflect the intrinsic activity of SHM, and a decreased mutation frequency in
this region stems from a defective SHM machinery [29]. The analysis of iEyp DNA showed
that the frequency of mutations in drak2 7~ mice was comparable to that of Drak2*/* mice,
suggesting that SHM in DRAK2-deficient B cells was functionally normal (Figure 4A). To
determine whether the reduction in the overall IgG1 serum levels in drak2 ~ ~ mice resulted
from a defective CSR machinery, we performed in vitro CSR assays on splenocytes
harvested from non-immunized drak2 7~ and Drak2*/* activated in vitro with LPS and
IL-4. We found that drak2 7~ B cells displayed a CSR activity comparable to that of their
wild-type counterparts (Figure 4B). Thus, DRAK2-deficient B cells display functional SHM
and CSR, indicating that the defective high affinity 19G1 antibody production in drak2 =~
mice does not result from defects in these machineries.

GC B cells in drak2~/— mice display increased apoptosis

Apoptosis plays critical roles in GC development and homeostasis [33, 38, 47, 48]. Since
drak2~~ B cell proliferation was found to be normal, we hypothesized that GC B cell
survival is impaired in these mice. To test this hypothesis, we harvested B cells from NP4g-
CGG immunized drak2 7~ and Drak2*/* mice and stained them with Annexin-V for FACS
analysis. drak2 7~ mice showed increased total B cell apoptosis (Figure 5A). We also
analyzed GC B cell apoptosis by staining with PE-anti-mouse B220 mAb, FITC-PNA and 7-
AAD spleen B cells from drak2 7~ and Drak2*/* mice 10 and 14 days after NP15-CGG
immunization. B220*PNAN (GC) B cells from drak2 7~ mice showed a higher degree of
apoptosis than their wild-type counterparts (Figure 5B). To directly visualize apoptotic B
cells in the GC, we stained with PE-anti-mouse B220 mAb, FITC-PNA and Texas red-
TUNEL spleen sections from drak2 7~ and Drak2*/* mice 7 days after immunization with
NP16-CGG. TUNEL signals (red dots, indicators of apoptosis) showed that drak2 7~ mice
displayed a three-fold increase in the GC B cell apoptosis as compared to their wild-type
littermates (Figure 5C, D). Such an increased apoptosis was almost entirely due to apoptosis
of light zone GC B cells, as suggested by their proximity to the T cell zone [49].

Increased GC T cell apoptosis in drak2—/~ mice

Th cells contribute to B cell survival in the GC by engaging CD40 on B cells with CD154
[17, 19, 50]. Two-photon microscopy has shown that B cells establish stable contacts with T
cells in the GC during the immune response [49, 51]. Also, B and T cells have frequent
encounters and T cells carry fragments of dead B cells, suggesting that T cells play a more
dominant role in GC B cell selection than previously thought, and indicating that T cells are
critical for B cell survival in the GC [51]. DRAKZ2 is highly expressed in T cells and, as we
have shown above, B cells undergo increased apoptosis in drak2 7~ mice. Moreover,
drak2 7~ T cells exhibit enhanced apoptosis in autoimmune EAE mice [12]. We
hypothesized that GC T cells will also display a high rate of apoptosis. Consistent with this
hypothesis, activated T cells from drak2 7~ T cells have been found to be hypersensitive to
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apoptosis (Ramos et al, manuscript submitted). To test our hypothesis, we harvested T cells
from NP16-CGG immunized drak2 7~ and Drak2*/* mice and stained them with PE-anti-
CD3 mADb, FITC-PNA and APC-7-AAD. FACS analysis of these stained cells showed
increased T cell apoptosis in GCs of drak2 7~ mice (Figure 6A).

T cell survival induced by enforced Bcl-X_ expression rescues B cells from apoptosis,
restores GC formation and corrects the TD antibody response to NP15-CGG in drak2~/~

mice

To determine whether B cell apoptosis in drak2 ~ mice is secondary to increased T cell
apoptosis, we immunized mice bearing a Bcl-xL transgene that was specifically expressed in
T cells [28] crossed onto the drak2 7~ background (drak2 19 Bel-xL mice) (Ramos et al,
manuscript submitted). drak2 7 ~19 BelXL mice and their Drak2*/* 9 BI-XL counterparts were
immunized with NP1-CGG and spleens were harvested 14 days after immunization for
histological and FACS analysis. drak2 7 19 Bel-xL mice exhibited numbers of GCs and GC B
cells comparable to those in Drak2*/* 19 BcI-XL mice (Figure 6B, C), suggesting a rescue of
drak2 7~ GC B cells upon enforced expression of anti-apoptotic protein Bcl-xL in T cells
[25]. Accordingly, TUNEL analysis showed that cell apoptosis in drak2 7~ Bel-XL GCs was
not higher than that in Drak2*/* 19 Bel-XL mice (Figure 7A, B). We then measured B cell
apoptosis using Annexin-V and also found that B cells in drak2 7~ Bcl-XL mice exhibited
apoptosis to a degree not higher than that of B cells in Drak2*/* 19 Bel-XL mice (Figure 7C).
To determine whether the T cell-dependent rescue of B cell apoptosis also rescued the
antibody response to TD NP15-CGG, we analyzed total and NP3-binding IgM and IgG1 in
mice that had been injected with NP15-CGG 28 days before, and boosted 21 days after the
initial injection. The total IgG1 serum level in drak2 7~ Bel-XL mice was restored to near
normal level, virtually comparable to that in Drak2*/* 19 BelXL |ittermates. Accordingly,
enforced expression of Bcl-xL in drak2 ™/~ GC T cells completely restored or significantly
raised the level of high affinity NP3-binding 1gG1 (Figures 3 and 8). Thus, increased
intrinsic T cell apoptosis was responsible for the lower number of GCs and GC B cells, and
the defective TD antibody response in drak2 7~ mice (p > 0.05).

Discussion

Proteins in the DAP family regulate apoptosis in many cell types. DRAK2, one of the DAP
family members, is highly expressed in both B and T lymphocytes [11]. Its role in T cells
has been studied extensively. However, the function of DRAK?2 in B cells and its role in the
humoral immune response have not been investigated. Also, the mechanisms that regulate
DRAK?2 functions and its substrates are still to be identified. We have shown that DRAK2 is
specifically expressed in the GC. We have also shown here that drak2 7~ mice exhibit
impaired GC development. We initially speculated that this defect might be a result of
impaired B cell proliferation, since B cell proliferation is critical during the early stages of
GC formation. However, we found no intrinsic defect in drak2 7~ B cell proliferation in vivo
or in vitro, leading us to hypothesize that the impairment in GC formation in drak2 7~ mice
may be a result of defect(s) in later stages of the GC reaction.

The unique dynamics and structure of the GC are critical for the maturation of the antibody
response. Thus, impairment in GC development might result in an impaired antibody
response in drak2 7~ mice. Indeed, we found that, when compared to their wild-type
littermates, drak2 ~~ mice displayed a more than 35% reduction in total 19G1 serum levels
and about 75% reduction in high affinity antibodies against NP3. This defect in generating
high affinity 1gGs was not due to inherent defects in the SHM and CSR machineries, as we
found both SHM and CSR to be inherently functional in drak2 7~ B cells and drak2 7~
mice. This led us to conclude that in these mice, the decrease in total IgG1 serum level and
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high affinity NP3-binding 1gG1 was the result of increased apoptosis of B cells, and thereby,
a defective positive selection, in the GC.

Apoptosis is important for the development, maintenance and effector functions of the
immune system [33]. It is crucial in the GC reaction and disruption of the mechanisms that
regulate B cell apoptosis results in GC hyperplasia and impaired antibody responses [48].
We have shown that the proportion of spleen B cells undergoing apoptosis was higher in
drak2 7~ mice when compared to their wild-type littermates. However, increased total B cell
apoptosis in the spleen does not necessary implies an increased GC B cell apoptosis.
Therefore, we have further quantified apoptotic B cells in the GC and shown that the
number of GC B cells undergoing apoptosis in drak2 7~ mice was significantly higher than
their wild-type counterparts during days 10 through 14 post-NP15-CGG immunization.
These findings were informative, but limited, in that they did not specifically show where in
the GC B cells were undergoing apoptosis. Our TUNEL staining results suggested that
apoptotic B cell were localized in an area that likely identifies the GC light zone, where B
cells displaying a mutated, high affinity BCR are positively selected [49].

The GC is an elaborate microenvironment of cellular interaction and the complex nature of
such interactions is critical to their development and function. B cells make up 95% and T
cells make up 2—-3% of the total GC cell population. DRAK2 expression in both cell types
makes the role of this signaling molecule important during a humoral response and T and B
cell interactions in the GC reaction. GC Ty, cells are important in stimulating B cells to
undergo SHM and CSR and differentiate into memory and plasma cells, and are likely
involved in B cell positive selection [17, 52]. A pathway for B cell selection in the GC
would entail T cell interactions with B cells (centrocytes) via gp39 and CD40 [18, 53].
Failure of B cells to receive Ty, cell signals has been thought to result in their apoptosis.
However, to date, there has been no conclusive evidence showing Ty, cell involvement in the
positive selection during the GC reaction. Imaging studies using the two-photon microscopy
have suggested that T cells play a major role in B cell positive selection during an immune
response, a conclusion reached by observing T cells forming stable contacts with B cells
[49, 51]. Our findings have provided the first indication that increased T cell apoptosis leads
to an abnormal B cell apoptosis in the GC, which, in turn, would lead to a defective positive
selection in a TD antibody response.

As we have shown here, deficiency in DRAK2 results in increased B cell apoptosis in the
GC and decreased numbers of GCs. We contended that apoptosis would also occur in GC T
cells. Indeed, we have found that the proportion of T cell undergoing apoptosis in the GC of
DRAK2-deficient mice is significantly higher than that of their wild-type controls. Further,
we asked the question whether the increased B cell apoptosis in the GC of drak2 7~ mice is
inherent to B cells or is due to lack of T cell stimulation. We have shown here that specific
overexpression of anti-apoptotic protein Bcl-xLin drak2 7~ T cells prevented T cell
apoptosis [28] in GCs and restored the numbers of GCs and GC B cells in drak2 79 Bel-xL
mice. Indeed, the proportion of B cell undergoing apoptosis in drak2 7 ~19 Bel-xL mjce was
comparable to Drak2+/* 19 Bel-xL mice, TUNEL staining has also showed that GC B cell
apoptosis in drak2 7t Bel-XL mice was normal, that is, comparable to Drak2+/* 9 Bel-xL
mice. These findings led us to conclude that, in drak2 7~ mice, rescue of T cells from
apoptosis leads to rescue of GC development and prevents B cells from undergoing
apoptosis.

In drak2 7~ mice, T cells failed to support B cell survival and selection in the GC, leading to
an abortive GC reaction and an impaired antibody response to NP1g-CGG. The GC rescue in
drak2 719 BelxL mice was effective, in that it leads to the restoration of serum 1gG1 level as
well as the high affinity 1gG1 response to NP3. Thus, rescue of T cells from apoptosis
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allowed for a restoration of positive selection of affinity matured 1gG1 antibodies. In
conclusion, our findings show that drak2 7~ B cells are inherently normal in SHM and CSR.
They also demonstrate that by allowing for T cell survival, DRAK2 is critical for fostering
and supporting an optimal GC reaction and the maturation of a high affinity class switched
antibody response. Finally, they suggest that T cells play an important role in GC
lymphocyte selection, possibly by providing, in combination with FDCs, secondary signals
that are critical in preventing B cells with high affinity BCRs from undergoing apoptosis
[49, 51, 54-57].
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Figure 1.

In?paired GC development in drak2 7~ mice. (A) Spleen sections from drak2 7~ and
Drak2*/* mice 14 days after NP15-CGG immunization were stained with FITC-PNA and
PE-anti-DRAK2 mAb. Immunofluorescence microscopy showed expression of DRAK?2
protein in GCs of Drak2*/* mice, but not drak2 7~ mice (original magnification: 200x). (B)
Spleen sections from drak2 7~ and Drak2*/* mice 14 days after NP15-CGG immunization
were stained with FITC-PNA and PE-anti-B220 mAb, and subjected to immunofluorescence
microscopy. The number of GCs (B220*PNAN) was determined by counting visible GCs
under the microscope. In each spleen section, the number GCs was smaller in drak2 7~ mice
than in Drak2*/* mice (original magnification: 40x). (C) FACS analysis of the number of
B220*PNAN cells showed a two-fold decrease in the number of GC B cells in drak2 ™~
mice as compared to Drak2*/* mice 14 days after NP15-CGG immunization. (D) Number of
GCs per spleen section in drak2 7~ and Drak2*/* mice at different days after NP15-CGG
immunization.
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Figure 2.

Ngrmal proliferation of drak2 7~ B cell in vitro and in vivo. Spleen B cells from drak2 7~
mice were cultured with LPS plus IL-4 (A) or CD154 plus IL-4 (B) after being labeled with
CFSE to track their division. After 1, 2, 3 and 4 days of culture, cells were harvested and
analyzed by flow cytometry. Peaks represent sequential halvings of CFSE fluorescence and
reflect cell divisions. drak2 7~ and Drak2*/* B cells exhibited a similar CFSE pattern,
indicating B cells proliferation is not defective. (C) Cell proliferation in vivo, as analyzed by
BrdU incorporated in B220*PNAN GC B cells from spleen of NP15-CGG immunized mice.
Seven days after immunization, mice were injected twice with BrdU within 16 hours and
sacrificed 4 hours after the second injection. Spleen cells were stained with PE- anti-mouse
B220 mAb, FITC-PNA and APC-anti-BrdU mAb. No significant difference was observed in
the number of BrdU-positive B220*PNAN GC B cells from drak2 7~ and Drak2*/* mice.
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Figure 3.
Impaired antibody response to TD antigen in drak2 =~ mice. Mice were immunized with

NP16-CGG at day 0 and then given a booster injection on day 21. Sera were collected at day
28 and analyzed for total and NP-specific IgM and 1gG1. NP3-BSA was used to capture high
affinity IgM and IgG1. Total 1gG1 and high-affinity NP3-specific IgG1 levels in drak2 7~
mice were significant lower as compared to their wild-type littermates (* p < 0.005). The
reduction in total and NP3-specific 1gG1 levels reflected decreased class switching to
IgGlas well as impaired positive selection of high affinity mutants.
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Figure 4.
Normal SHM and CSR in drak2 7~ mice and drak2 7~ B cells. (A) The mouse J4-iEp

intronic region DNA was amplified from Peyer’s patch B cells and subjected to sequence
analysis. Pie charts depict the proportions of sequences that carry 1, 2, 3, etc. mutations over
the 560 bp DNA sequence analyzed. The numbers of the sequences analyzed are at the
center of the pies. The mutation frequency in drak2 7~ was comparable to that in Drak2*/*
mice (p = 0.30). (B) In vitro CSR in B cells from spleens of 8-12 weeks drak2 7~ and
Drak2*/* littermates were cultured in medium containing LPS and IL-4 or LPS alone to
induce CSR to 1gG1 or 1gG3, respectively. After 5 days, B cells were harvested, stained with
PE-anti-B220 mAb and FITC-anti-IgG1 mAb or FITC-anti-lgG3 mAb and analyzed by
FACS. The proportion of drak2 7~ B cells switching to 19G1 and IgG3 were comparable to
those of Drak2*/* B cells.
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Figure 5.

Increased apoptosis in drak2 7~ GC B cells. (A) Spleen B cells were harvested from 8-12
weeks drak2 7~ and Drak2*/* littermates 14 days after immunization with NP1-CGG and
stained with FITC-Annexin V and PE-anti-B220 mAb to measure apoptotic cells. drak2 7~
mice displayed an about two-fold higher degree of B cell apoptosis than their wild-type
littermates. (B) Spleen B cells were harvested from drak2 7~ and Drak2*/* mice 10 and 14
days after NP15-CGG immunization and stained with FITC-PNA, PE-anti-B220 mAb and 7-
AAD. FACS analysis showed a significantly higher proportion of apoptotic B220*PNAN B
cells from drak2 7~ mice than Drak2*/*mice. (C) Spleen sections harvested from drak2 7~
and Drak2*/* mice 7 days after NP1-CGG immunization were stained with FITC-PNA,
PE-anti-B220 mAb and TUNEL (Texas red, apoptotic cell marker), and subjected to
fluorescence microscopy. Red dots reflected TUNEL staining of fragmented DNA, which is
characteristic of apoptosis. Counting of TUNEL red dots showed increased B cell apoptosis
in drak2 7~ mice GCs. Apoptotic B cells lie in an area that likely identified the light zone
(original magnification: 200x). (D) Significantly different numbers of TUNEL-positive
signals (red dots) in drak2 7~ and Drak2*/* mice GCs.
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Rescue of GC formation and GC B cells by the enforced expression of Bcl-X_ in T cells in
drak2 7~ mice. (A) T cells from spleens of 8-12 weeks drak2 7~ and Drak2*/* mice were
harvested 14 days after immunization with NP15-CGG and stained with FITC-PNA, PE-
anti-CD3 mAb and 7-AAD. FACS analysis showed a higher proportion of CD3*PNAN cells
undergoing apoptosis in drak2 7~ mice than in Drak2*/* mice. (B) Spleen sections from
drak2 719 BelXL gnd Drak2+/* 19 B-XL mice 14 days after NP1g-CGG immunization were
stained with FITC-PNA and PE-anti-B220 mAb, and subjected to Immunofluorescence
microscopy. The number of GCs per field was and found to be comparable in

drak2 719 BelxL and Drak2+/* 19 Bl mice (original magnification: 63x). (C) The number
of B220"PNAN GC B cells in drak2 19 Be-XL and Drak2+/+ 19 BA-XL mice was also
comparable, indicating a normal GC formation in drak2 719 Bcl-xL mjce,
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Annexin V

Rescue of GC B cell apoptosis by enforced expression of Bcl-X_ in T cells of drak2 =/~
mice. (A) Spleen sections from drak2 7 ~19 Bcl-xL and Drak2+/+ 19 Bel-xL mice were stained
with FITC-PNA, PE-anti-B220 mAb and TUNEL and analyzed by fluorescence
microscopy. The number of red dots, which reflects TUNEL staining of fragmented DNA in
apoptotic cells, was not significantly different in drak2 7 ~19 Bcl-xL and Drak2+/+ 19 Bel-xL
mice GCs. (B) Quantitative comparison of TUNEL™ cells showing no significant difference
in apoptotic cell numbers in drak2 719 Bel-xL and Drak2+/* 19 Bel-xL mice GCs (original
magnification: 200x). (C) Spleen B cells from 8-12 weeks drak2 719 Bel-xL gng
Drak2*/*+ 19 Be-xL [ittermates were harvested 14 day after immunization with NP15-CGG and
stained with FITC-Annexin V and PE-anti-B220 mAb and analyzed by FACS. No
significant difference in the number of apoptotic B cells was detected in drak2 7~ Bel-xL

and Drak2+/* tg Bel-xL mice.
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Figure 8.

Rescue of the antibody response to TD antigen by enforced Bcl-xL expression in T cells in
drak2 7~ mice. drak2 719 BelXL and Drak2+/+ 19 BelXL mijce were immunized with NPyg-
CGG at day 0 and then given booster injection on day 21. Sera from mice were collected at
day 28 after the first immunization and analyzed. NP3-BSA was used to capture high affinity
NP-specific IgM and 1gG1. Total IgG1 and high-affinity NPs-specific IgG1 levels in
drak2 7~ 19 BelxL mice were comparable to their Drak2*/* 19 BC-XL Jittermates. There were no
significant reduction in total and NP3-specific 1gG1 antibodies levels (* p > 0.05), likely
reflecting a significant rescue of B cell apoptosis following enforced survival of drak2 7~ T
cells by Bcel-xL.
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