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Abstract

Humoral immunodeficiency caused by mutations in the Wiskott-Aldrich syndrome protein
(WASp) is associated with failure to respond to common pathogens and high frequency of
autoimmunity. Here we addressed the question how deficiency in WASp and the homologous
protein N-WASp skews the immune response towards autoreactivity. Mice devoid of WASp or
both WASp and N-WASp in B cells formed germinal center to increased load of apoptotic cells as
a source of autoantigens. However, the germinal centers showed abolished polarity and B cells
retained longer and proliferated less in the germinal centers. While WASp-deficient mice had high
titers of autoreactive 1gG, B cells devoid of both WASp and N-WASp produced mainly 1gM
autoantibodies with broad reactivity to autoantigens. Moreover, B cells lacking both WASp and N-
WASp induced somatic hypermutation at reduced frequency. Despite this, 1gG1-expressing B cells
devoid of WASp and N-WASp acquired a specific high affinity mutation, implying an increased
BCR signaling threshold for selection in germinal centers. Our data provides evidence for that N-
WASp expression alone drives WASp-deficient B cells towards autoimmunity.

Keywords

B cells; Germinal center; Autoimmunity; Primary immunodeficiency; Wiskott-Aldrich syndrome;
N-WASp

"Corresponding author. Lisa.Westerberg@ki.se (L.S. Westerberg).

Conflict of interest
The authors declare no competing financial interests.

Appendix A. Supplementary data
Supplementary data related to this article can be found at http://dx.doi.org/10.1016/j.jaut.2015.06.003.


http://dx.doi.org/10.1016/j.jaut.2015.06.003

1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Page 2

Introduction

Humoral immunity generates long-lived plasma cells and memory cells and depends on B
cell affinity maturation in germinal centers (GCs). The GC is organized into two spatially
separated zones. The light zone (LZ) of the GC contains the network of follicular dendritic
cells (FDCs) that endocytose and recycle antigen to facilitate B cell affinity maturation [1].
The dark zone (DZ) consists of highly proliferating B cells that express activation induced
deaminase (AID) to induce somatic hypermutation (SHM) and immunoglobulin (1g) class
switch recombination [2]. Newly mutated and Ig class switched B cells migrate from the DZ
to test their BCR for antigen recognition in the LZ on antigen-covered FDCs and compete
for help from antigen-specific T follicular helper (Tgp) cells [3,4]. The affinity of the B cell
receptor (BCR) for the antigen on FDCs is proportional to antigen uptake and frequency of
MHC class Il — peptide presentation to Tgp cells [5]. Therefore, B cells that express BCR
with high affinity for antigen out-competes B cells with low affinity BCR and only high
affinity B cells develop into plasma cells and memory cells [4,5]. B cell migration between
the DZ and LZ is mediated by the chemokine receptors CXCR4 and CXCR5 [6] and both
interzonal migration [3] and intrazonal migration [7] drives SHM in the DZ and selection of
B cells in the LZ.

Extensive cell migration, cell-to-cell communication, and cell division during the GC
response critically rely on BCR signaling and the dynamics of the actin cytoskeleton.
Signaling from the BCR to the actin cytoskeleton is regulated by the intracellular signaling
axis of guanine exchange factors (GEFs, including Vavl, Vav2, and Dock8), that activate
Rho GTPases (such as Cdc42, Racl, and Rac2), that in turn activate WASp family members
(such as WASp and N-WASpP) [8,9]. While WASp is exclusively expressed in hematopoietic
cells [10,11], the homologous protein N-WASp is ubiquitously expressed [12] and complete
deletion of N-WASp is embryonic lethal [13]. Deletion of both WASp and N-WASp
specifically in B or T cells markedly reduces B and T cell development and activation,
implying that N-WASp can partially compensate for WASp deficiency [14,15]. Up to 70% of
WAS patients develop autoimmune disease [16—18] and this has been attributed to defective
suppression by WASp~~ T regulatory cells [19-22] and to intrinsic B cell dysfunction [23—
25]. Moreover, three recent papers describe decreased BCR repertoire diversity in WAS
patients associated with high production of autoantibodies [26—-28]. Deletion of both WASp
and N-WASp in B cells leads to absence of marginal zone (MZ) B cells associated with
abolished 1gG antibody responses to T-cell independent antigen [14]. Liu et al. recently
showed that B cell specific deletion of N-WASp enhances and prolongs BCR signaling,
suggesting that N-WASp is a critical negative regulator of B cell activation [29]. The exact
function of WASp and N-WASp in the GC response and in regulation of peripheral B cell
tolerance remains largely unknown.

Here we sought to define the role of WASp and N-WASp in the GC response to autoantigens
and non-self antigen. To accomplish this, we used mice lacking WASp (WASp~'~ mice) and
mice lacking WASp and N-WASp in B cells (WASp~~N-WASp/flCD19C"e* mice). We
show that WASp~~ and WASp~~N-WASpT/flcD19C"e* mice formed GCs in response to
apoptotic cells as a source of autoantigens, however, the GCs had reduced polarization into
DZ and LZ and B cell retained longer and proliferated less in GCs. WASp™~ mice had

J Autoimmun. Author manuscript; available in PMC 2018 November 20.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Dahlberg et al.

Page 3

elevated titers of autoreactive 1gG antibodies and generated high affinity 1gG antibodies. In
contrast, WASp~~N-WASp/flcD19C"¢/+ produced mainly IgM autoantibodies with broad
reactivity to autoantigens and failed to induce increased titers of high affinity 1gG antibodies.
Our results suggest that N-WASp expression alone drives WASp-deficient B cells towards
autoimmunity.

2. Material and methods

2.1. Mice and BM transfer

Mice were housed at the animal facility of the Department of Microbiology, Tumor and Cell
Biology, Karolinska Institutet under specific pathogen-free conditions. Animal experiments
were carried out after approval and in accordance with guidelines from the local ethical
committee (North Stockholm district court). Wildtype, WASp~~, and WASp~~N-
WASpTflcD19C* mice were littermates from mixed allele breedings of WT 129Sv mice,
WASp~~ mice on a 129Sv background, N-WASp/fl mice on 129Sv background, and
CD19C"®"* mice on C57BI/6 background. For generation of mixed bone marrow (BM)
chimeras, 2 x 107 total BM cells containing WASp™~ or WASp~~N-WASpf/flcp19Cre/*
BM (expressing CD45.2) with wildtype BM (expressing CD45.1) at a 3:1 ratio were
transplanted via intravenous injection into lethally irradiated (13 Gy) wildtype 129Sv
recipient animals.

2.2. Apoptotic cell immunization and anti-DNA ELISA

The apoptotic cells were prepared from syngeneic thymocytes cultured for 6 h in complete
RPMI 1640 and 1 pmM dexamethasone (Sigma—Aldrich). Age- and sex-matched littermate
mice were injected intravenously weekly for 4 weeks with 107 apoptotic. Serum samples
were collected weekly from the tail artery and anti-DNA autoantibodies were measured by
ELISA [30,31]. In brief, anti-DNA titers of IgM and 1gG were measured by ELISA using
methylated BSA plus calf thymus DNA (Sigma—Aldrich) or total histone solution (Sigma—
Aldrich) as capture. AP-conjugated secondary anti-lgM and -1gG antibodies
(SouthernBiotech) were used for detection. As standard for analysis of serum from mice
immunized with apoptotic cells, serial dilutions of a pool of serums from all samples was
used. As standard for analysis of serum from 8 to 10 months old unchallenged mice, serial
dilutions of an ANA positve B6.MRL-Ipr or NZM2410 serum pool was used, or serial
dilutions of mouse anti-human nucleosome 1gG (BDbiosciences). All samples were tested in
duplicates and corrected for background binding. Titration curves for IgM are shown in
Supplementary Figure S1.

2.3. Labeling of apoptotic cells, immunohistochemistry and measurement in picture

Apoptotic cells were labeled with CFSE (Invitrogen) and analyzed by
immunohistochemistry [32]. The following reagents were used: anti- B220 (RA3-6B2), -
IgG1 (RMG1-1, BioLegend); -CD169 (MOMA-1; AbCam); -CD11c (HL3), -IgM (11/41), -
CD35 (8C12; BD Biosciences), biotinylated peanut agglutinin (Vector Laboratories); goat
anti-rat-AlexaFluor488, Strepavidin-Alexa-Fluor555 (Invitrogen). Images were collected
with a Leica DM IRBE confocal laser scanning microscope (Leica Microsystems) equipped
with 1 argon and 2 HeNe lasers, using an HC PL APO lens at 10x/0.40 CS and 90% glycerol
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(MP Biomedicals) and processed with Adobe Photoshop CS5 (Adobe Systems). The areas
of GCs (PNA™*), of follicular (B220™" cells surrounded by CD169* cells) and areas of CD35*
in GCs and B220™" area (excluding MZ) were measured on three images from each mouse of
random sections using Fiji, ImageJ software (National Institutes of Health), and the ratio
was calculated.

2.4. Autoantibody arrays

Serum from naive mice and mice immunized with apoptotic cells were screened for
reactivity to 95 different autoantigens using autoantibody array (University of Texas
Southwestern Medical Center, Genomic and Microarray Core Facility) [33]. The array was
probed with serum samples, developed with Cy3-labeled anti-1gG and Cy5-labeled anti-
IgM, and then scanned at 635 nm and 570 nm fluorescence, respectively. Data were
visualized by using MultiExperimentViewer, Cluster 3.0 (Open Source software available at
http://mev-tm4.sourceforge.net).

2.5. DC isolation and flow cytometry

For DC isolation, spleens were cut up into small fragments and incubated at 37 °C for 1 h in
1 mg/ml collagenase 111 (Worthington) and 120 pug/ml DNAse (Roche) in RPMI-1640
medium. For flow cytometry, data was acquired on a FACSFortessa flow cytometer (BD
Biosciences) and analyzed using FlowJo Version 10 software for PC (TreeStar). The
following antibodies were used: anti-V| 1A (R26-46), -CD62L (Mel14), -IgG1, -CD8 (53—
6.7), -CD11b (M1/70), -CXCR4 (2BII/CXCR4), -CD44 (IM7), -CXCR5 (2G8), -GL7
(GL7), -CD95 (Jo2) (all BD Biosciences), -CD44 (eBioscience), Strepavidin-
AlexaFluor555, LIVE/DEAD® (Invitrogen), -DEC205 (NLDC-145, Dendritics), -PD1
(RMP1-;30), -CD3 (145-2C11), -CD4 (RM4-5), -CD11c (N418), -CD83 (Michel-19),
-33D1 (33D1), -B220 (RA3-6B2), -CD138 (281-2), -lgM (RMM-1) Streptavidin-APC-Cy7
(all Bio-Legend), -NP8, -NP24 (all Biosearch Technologies) and -1gG1 (SouthernBiotech).

2.6. EdU and BrdU incorporation

For continuous in vivo labeling of cells, mice were fed 5-ethynyl-2”-deoxyuridine (EdU, at
0.2 mg/mL) or bromodeoxyuridine (BrdU, at 0.3 mg/mL, Sigma—Aldrich, St Louis, MO) in
the drinking water supplemented with 10% sucrose. EAU and BrdU incorporation in spleen
cells was determined using the Click-iT® EdU cell proliferation assay (Invitrogen) and FITC
BrdU flow kit (BD Biosciences).

2.7. T-B cell co-culture assay

WT, WASp™~ or WASp~~N-WASpT/flcD19C"e/* splenic B cells were activated with anti-
CDA40 + IL-4 for 2 days. Cells were harvested, and incubated with affinity purified
biotinylated F(ab")2 goat anti-mouse IgM (25 ng/ml; Jackson ImmunoResearch). B cells
were then incubated with ovalbumin antigen delivery reagent (Miltenyi Biotec) diluted at
1:10. For synapse formation analysis B cells and CD4* OT-11 T cells (1:5 ratio) were co-
cultured for 2 h and then mounted on fibronectin (Invitrogen) coated slides and stained with
B220 (RA3-6B2) (BioLegend) and phalloidin (Invitrogen). For the T cell proliferation assay,
B cells and CD4* OT-1I T cells (2:1 ratio) were co-cultured for 3 days. Four hours before
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harvest, Phorbol myristate acetate (PMA, 0.5 pg/ml, Sigma—Aldrich), lonomycin (0.5 ng/ml,
Sigma—Aldrich) and GolgiPlug (1.4 ul/ml, BD Biosciences) were added. Cells were stained
with anti-CD4 (eBioScience), B220, and IL-2 (BioLegend) and analyzed by FACSFortessa.

2.8. NP-KLH immunization, quantitative RT-PCR, spectratyping, and SHM analysis

Mice were immunized with 100 ug 4-Hydroxy-3-nitrophenylacetyl keyhole limpet
hemocyanin (NP-KLH, Biosearch Technologies) in alum followed by a booster
immunization with 100 pg NP-KLH in PBS at day 21. At day 28, mice were analyzed for
serum NP-specific antibodies, VH gene usage by quantitative RT-PCR, spectratyping, and
SHM. For EL/SA, plates (Nunc) were coated with NP(4)-BSA or NP(26)-BSA
(BiosearchTechnologies), serum added and analyzed for anti-NP IgM and IgG1 antibodies.
The samples were run in duplicates and corrected for background binding. GC B cells were
enriched by positive selection with biotinylated peanut agglutinin (Mector Laboratories),
total RNA extracted using Trizol (Invitrogen), reverse transcriptase reaction performed using
iScript-cDNA Synthesis Kit (Bio-Rad). Quantitative RT-PCR was conducted as previously
[34,35] using degenerative V-specific forward primers and a common reverse primer in the
Jn4 region; 5'-TTACCTGAGGAGACGGTGA-3’. Forward primers: (Vy1) MIGHV1, 5’-
TCCAGCACAGCCTACATGCAGCTC-3"; (VH2) M1GHV2, 5 -
CAGGTGCAGCTGAAGGAGTCAGG-3’; and (VH5) MIGHV5, 5”;-
CAGCTGGTGGAGTCTGGGGGA-3’. Samples were run on a Bio-Rad CXF96 cycler and
analyzed with the CFX Manager Software (Bio-Rad). For spectratyping analysis the same
set of primers were used and the length of the CDR3 region of V1, V12, and V5 analyzed
using Peak Scanner v1.0 software (Applied Biosystems). Gaussian distribution analyses on
spectratyping data were calculated with non-linear regression analysis. For SHM analysis,
VH186.2 transcripts were amplified from cDNA of GC enriched B cells using a nested PCR
approach. Primer sequences used in the first PCR: common forward primer V;186.25" —
GCTGTATCATGCTCTTCTTG-3’, reverse primer Cu 5'-
AGGGGGCTCTCGCAGGAGACGAGG-3 or reverse primer Cel 5-
GGATGACTCATCCCAGGGTCACCATGGAGT-3’. The second nested PCR primer
sequences were: common forward primer V;186.2 5'-GGTGTCCACTCCCAGGTCCA-3’,
reverse primer Cu 5 -AGGGGGAAGACATTTGGGAAGGAC-3" or Cel5’-
CCAGGGGCCAGTGGATAGAC-3’. PCR products were cloned into TOPO TA
(Invitrogen) and sequenced (Operon). Only unique sequences were analyzed for replacement
mutations as determined by the ImMMunoGeneTics (IMGT) database [36].

2.9. Statistical analysis

All experiments were analyzed by using Prism version 6.0 (GraphPad). All data were
analyzed by ROUT (Q = 1.0%) in Prism version 6.0 and outliers excluded as indicated in
figure legends. For statistics, a two-tailed unpaired Student’s #test was used. A P-value
<0.05 was considered statistically significant.
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3. Results

3.1. WASp/"N-WASpTflcD19Ce* mice have increased serum titers of DNA-specific IgM

antibodies

To investigate the role of WASp and N-WASp in autoimmunity, we evoked an autoimmune
response in WASp™~ and WASp~/~N-WASpTflcD19C™* mice by immunization of
autologous apoptotic thymocytes. Wildtype, WASp~~ and WASp™~N-WASpfl/flcD19Cre/+
mice showed similar localization of injected fluorescently-labeled apoptotic cells to the MZ
at 30 min after injection (Fig. 1A). We examined the distribution of CD11c* DCs that
transport apoptotic cells from the MZ into the B cell follicle [37]. In wildtype mice, CD11c*
cells mice localized preferentially in the T-B cell border (Fig. 1B). In contrast, CD11c* cells
covered the MZ and the Tcell area in WASp~~ and WASp™"N-WASp/flcD19Cre/+ mice. In
spleen cell analysis by flow cytometry, WASp™~ and WASp~~N-WASp/flcD19Cre/* mice
had increased number of total CD11c* cells, as well as of CD11c*DEC205* DCs and
CD11c*33D1* DCs when compared to wildtype cells (Fig. 1C). To assess DC binding
capacity to apoptotic cells, we examined co-localization of DCs with apoptotic cells 30 min
upon injection of fluorescently-labeled apoptotic cells /n vivo. Despite the increased number
of CD11c* DC subsets in WASp~~ and WASp™~N-WASpf/flcD19C"e/* mice, similar
number of CD11c*DEC205* DCs in wildtype, WASp~~, and WASp~~N-
WASpfflcD19Cre"+ mice bound apoptotic cells /7 vivo (Fig. 1D). We next examined the
autoantibody response to apoptotic cells (Fig. 1E). In wildtype mice, self-tolerance was
broken after two injections of apoptotic cells as measured by increased titers of 1gG
antibodies against DNA (Fig. 1G) [30,38]. As compared to wildtype and WASp™~ mice,
WASp~~N-WASpf/flcD19C"e* mice had already before immunization increased titers of
DNA-specific IgM that remained high after immunization with apoptotic cells (Fig. 1F). In
the 19G response, WASp™~ mice had elevated titers of anti-DNA 1gG antibodies already
before immunization (Fig. 1G). At day 27 upon immunization with apoptotic cells, WASp~~
and WASp~/~"N-WASp/flcD19C"e"* mice had an 1gG response towards DNA similar to
wildtype mice (Fig. 1G).

3.2. WASp/"N-WASpTflcD19C e+ mice have IgM autoantibodies to a broad range of
autoantigens

Apoptotic cells are particulate antigens that harbor many selfepitopes besides DNA. To
analyze the diversity of autoantibody production in WASp~~ and WASp™~N-
WASpTflCD19C* mice, serum from mice before and after immunization with apoptotic
cells were screened for 95 autoantigens with the use of an autoantibody array. Wildtype mice
induced an autoantibody response mainly consisting of 1gG autoantibodies in response to
apoptotic cells (Fig. 2A and B). WASp™~ mice had increased titers of autoreactive IlgM and
IgG antibodies before immunization as previously shown (Fig. 2A and B) [19,24]. Upon
apoptotic cell immunization, WASp™~ mice showed an autoantibody response consisting of
both IgM and 1gG subtypes and of broad reactivity (Fig. 2A and B). WASp~~N-
WASpTflcD19C* mice showed high titers of IgM autoantibodies with diverse reactivity
already before immunization with apoptotic cells, and upon immunization the IgM
autoantibodies remained high and of broad reactivity (Fig. 2A). In response to apoptotic
cells, 1gG autoantibodies in WASp™~N-WASpf/flcD19Ce* mice had similar reactivity to
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that of wildtype and WASp™~ mice (Fig. 2A and B). To examine if increased titers of DNA-
specific IgM in WASp™~N-WASp/flcD19C"* mice would switch to pathogenic IgG with
age, we measured DNA-specific and chromatin-specific IgM and 1gG autoantibodies in
serum of unchallenged 8-10 months old mice. The autoantibody titers were similar in old
wildtype and WASp™~N-WASp/flcD19C™* mice (Fig. 2C and D), suggesting that the
higher titers of IgM autoantibodies in young WASp™~N-WASpf/flcD19Cre/* mice do not
become pathogenic 1gG autoantibodies in old mice. In contrast, old WASp™~ mice had
increased titers of DNA- and chromatin-specific IgM and IgG autoantibodies (Fig. 2C and
D).

3.3. WASp~~ and WASp~"N-WASpflcD19Ce* mice form large but unpolarized GCs in

response to

apoptotic cells

We reasoned that elevated IgM autoantibodies in WASp~~N-WASpf/lcD19Cr¢/+ mice, and
to a lesser extent in WASp~~ mice, could be caused by an altered GC response to
autoantigens in these mice. To determine the quality of the GC response, we investigated the
B cell compartment in the spleen six days after the last injection of apoptotic cells.
Wildtype, WASp™~, and WASp™~N-WASpf/flcD19C"e"* mice had similar number of total B
cells and Tgy cells (Fig. 3B and C). Moreover, all mice formed GCs in response to apoptotic
cells (Fig. 3A and B). GCs can be divided into two compartments; the DZ that consists of
highly proliferating CXCR4NI"CD83!oW DZ B cells and the LZ that consists of
CXCR4lowcpg3high | 7 B cells [3,6,39]. Upon injection with apoptotic cells, wildtype mice
had a DZ:LZ B cell ratio of 2:1, indicating that a large fraction of GC B cells resided in the
DZ to proliferate and undergo SHM (Fig. 3D). This polarization of GCs was not as evident
in WASp~™~ or in WASp~/~"N-WASpf/flCD19C"e/* mice, where the ratio between LZ and DZ
was closer to 1:1 (Fig. 3D). We next examined the polarization of GCs on spleen sections by
defining the localization of CD35* FDCs. Wildtype mice showed a distinct separation of the
DZ and LZ where CD35* FDCs defined the LZ area and covered 67.2 + 12.8% of the GC
areas closest to the MZ (Fig. 3E). In WASp~~ and WASp~/~"N-WASpf/flcD19Cre/+ mice,
CD35" FDCs covered 85.8 + 12.8% and 78.7 + 15.3%, respectively, of the GC area,
indicating failure to polarize CD35" FDCs in GCs (Fig. 3E). Moreover, CD35" FDCs
covered a large part of the B220* B cell follicles in WASp~~ and WASp™~N-
WASpTflCD19Cr/* mice (57.3 + 11.8% and 66.1 + 7.3%, respectively) as compared to
wildtype mice (39.3 + 4.3% CD35" FDCs of B220* B cell follicles; Fig. 3E). Despite
decreased polarization of GCs, wildtype, WASp-/~, and WASp™~N-WASp/flcD19Cre/*
mice had similar number of total CD138*B220~ plasma cells and 1gG1* plasma cells (Fig.
3F). Wildtype mice had a large proportion of IgG1* cells in GCs, while WASp™~mice had
IgG1* cells both in GCs and extrafollicular foci, and WASp~~N-WASp/flcD19Cre* mice
had 1gG1* cells exclusively in the red pulp (Fig. 3G). Together, WASp™~ and WASp~/~N-
WASpTflcD19Cr* mice formed large GCs in response to apoptotic cells, however, their
GCs lacked the clear polarization into LZ and DZ zones.

3.4. Increased retention and decreased proliferation of GC B cells in WASp~~ and WASp
~I-N-WASpfflcD19Cre* mice

Having shown that GCs in WASp~~ and WASp~~N-WASpT/flcD19C™/* mice were less
polarized, we next examined the cell fate decision for GC B cells to define how long they
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stay in the GCs (retention) and how much they proliferate in the GCs. Mice were fed with
the DNA incorporating agents EdU and BrdU in the drinking water after the third and fourth
injection of apoptotic cells, respectively (Fig. 4A). All cells that proliferated during the third
week of the apoptotic cell immunization would incorporate EdU into their DNA and those
still present in GCs at day 27 (14 days after the injection) were defined as EdU-retaining
cells. Wildtype mice had few EdU-retaining B cells in the GCs at day 27, suggesting that
many of the EdU* cells after the third immunization with apoptotic cells had diluted the
EdU by proliferation and/or already left the GCs to become plasma cells and memory cells
(Fig. 4B). Compared to wildtype mice, WASp~~ and WASp~"N-WASp/flcD19Cr¢/* mice
had increased proportion of EAU™ B cells that were retained in GCs (Fig. 4B). To investigate
the proliferation ability of GC B cells we changed EdU to BrdU in the drinking water after
the last immunization with apoptotic cells. Wildtype mice had increased proportion of BrdU
* GC B cells as compared to WASp~~ and WASp™~N-WASpf/flcD19C"e* mice (Fig. 4C),
supporting the finding that wildtype mice had a large proportion of proliferating BrdU™ cells
in the DZ. Together these results suggest that B cells lacking WASp family members were
retained longer and proliferated less in GCs.

3.5. WASp~~ and WASp~/"N-WASpflcD19Ce/* B cells can compete for help from
wildtype T cells

To determine the competitive fitness of WASp™~ and WASp~~N-WASp/flcD19Cre/+ B
cells in the context of wildtype T cells we generated mixed BM chimeras. WASp™~ or
WASp~"N-WASpTflcD19Cre/* (expressing CD45.2) and wildtype (expressing CD45.1) BM
cells were injected into lethally irradiated wildtype mice at a 3:1 ratio (Fig. 5A). WASp™~ B
cells, and to a larger extent WASp~/~N-WASpT/flcD19C™/* B cells, had decreased capacity
to repopulate the splenic B cell compartment, evident in both the follicular and MZ subset of
B cells (Fig. 5B). In the GC response to apoptotic cells, WASp~~ B cells competed well
with wildtype B cells and reached the 3:1 ratio of injected BM cells (Fig. 5B), indicating
that WASp~~ B cells have high capacity to enter the GCs in response to autoantigens. While
WASp~~N-WASpfflcD19C"e/* B cells could enter GCs in competition with wildtype B
cells, the proportion of WASp™~N-WASpf/flcD19C™e/* B cells in GCs was decreased as
compared to wildtype B cells (Fig. 5B). We next examined Tgy cells and found that more
than 50% of Tgy cells where of wildtype origin (Fig. 5C). Among the CD1387B220~ plasma
cells, WASp™~ and WASp~~"N-WASpf/flcD19Ce/* B cells competed well with wildtype B
cells and reached the 3:1 ratio of injected cells. In generation of 1IgG1* plasma cells, WASp
=/~ B cells competed well with wildtype B cells, while WASp~~N-WASp/flcD19Cre/+ B
cells showed a disadvantage (Fig. 5B). To test if WASp~~ and WASp™~N-
WASpfflcD19Cre+ B cells could present MHC class |1 — peptides and activate T cells in
vitro, we loaded B cells with anti-lgM F(ab”)2 coupled to ovalbumin and examined
activation of ovalbumin-specific CD4* T cells from TCR transgenic OT-11 mice. Wildtype,
WASp~~, and WASp~"N-WASp/flcD19Cre/+ B cells formed immunological synapses with
wildtype CD4" T cells as assessed by polarized F-actin to the synapse interphase (Fig. 5E)
and had similar capacity to induce proliferation and IL-2 production by antigen-specific T
cells (Fig. 5F). Together, these data suggest that upon immunization with apoptotic cells
WASp™~ B cells, and to a lesser extent WASp~~N-WASpf/flcD19C"e/* B cells, enter GCs
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where they can compete for help from wildtype T cells and form a large pool of plasma
cells.

3.6. Altered response to NP-KLH in WASp~"N-WASp/flcD19C"e/* mice

We next investigated if the altered GC response in WASp~~ and WASp™~N-
WASpTflcD19C* mice would influence BCR diversification during affinity maturation.
Since apoptotic cells contains a complex set of antigens, we instead used the well-
characterized T cell-dependent NP-KLH that induces selection of more than 50% NP-
specific B cells that express the V heavy chain (V) V1-186.2 paired with the V light (V)
A chain in wildtype mice [40,41]. We first examined NP-specific antibody titers in serum
upon injection with NP-KLH. Wildtype and WASp~~ mice showed increased titers of NP-
specific IgM in the primary response and 1gG1 antibodies in the secondary response when
compared to unimmunized mice (Fig. 6A and B). WASp~/~N-WASp/flcD19C/+ mice had
high titers of NP-specific IgM already before immunization with NP-KLH and IgM titers
remained high during the immunization (Fig. 6A). WASp™~N-WASpf/flcD19C* mice had
high titers of NP-specific 1gG1 in the secondary response (Fig. 6B). To examine the affinity
of NP-specific antibodies in serum, the antibody binding to BSA covered by 26 NP
molecules (low affinity) was compared to that of BSA covered with 4 NP molecules (high
affinity). Wildtype and WASp™~ mice showed increased affinity of NP-specific IgM and
IgG1 at day 28 in the secondary response as determined by a higher ratio of NP4/NP»g
reactivity (Fig. 6C and D). WASp™~N-WASpf/flcD19Cre"* mice showed almost no increase
in NP4/NPyg ratio of NP-specific IgM and 1gG1 at day 28 when compared to day 0 (Fig. 6C
and D), suggesting that WASpA~~N-WASpf/flcD19C"e/* B cells undergo affinity
maturation at a significantly lower rate when compared to wildtype and WASp~~ B cells.

To further characterize the NP-KLH response in WASp™~ and WASp~~N-
WASpTflcD19Cr+ mice, we examined the BCR repertoire upon NP-KLH immunization.
The repertoire of the three largest Vi families; V{1, V{2, and V5 families was examined
by determining the length of the CDR3 region spanning the V-D-J junction. Wildtype,
WASp~~, and WASp~/~N-WASpT/flcD19Cre* mice showed similar Gaussian distribution of
the CDR3 lengths in the Vi1, V2, and V5 families as determined by the R? value and
number of peaks in the spectrograms (Supplementary Figure S2A-D). We next examined the
usage of V|_chains by investigating V| A* B cells, known to pair with the V41-186.2 chain
in the response to NP-KLH [40,41], Both WASp~~ and WASp~~N-WASpf/flcD19Cre/+
mice had increased number of V| A* B cells in the red pulp of the spleen and in GCs, when
compared to wildtype mice (Fig. 6E and F). Moreover, WASp~/~N-WASpf/flcD19Cre+ mice
had increased percentage of NP-specific V| A* GC B cells (Fig. 6G). When comparing the
NPg/NP,4 ratio of NP-specific V| A* GC B cells, wildtype, WAS™~, and WASp™~N-
WASpTMCD19Cre+ mice had similar ratio (Fig. 6H). This suggests that the increased
number of NP-specific V| A GC B cells in WASp~~N-WASp/flCD19C"* mice was not
associated with increased affinity maturation. To assess the outcome of V| A* B cells, we
next examined V| A* clones among plasma cells. Despite increased frequency of V| A"
plasma cells in WASp™~ and WASp~~N-WASpflCD19C"/* mice (Fig. 61), wildtype mice
had increased percentage of NP-specific V| A* plasma cells and of high affinity when
compared to V| A* plasma cells in WASp™~ and WASp~/~N-WASp/flcD19Cre* mice (Fig.
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6J and K). Together, this data shows that WASp~~ and WASp™~N-WASpf/flcD19Cre/* mice
formed NP-specific V| A" B cell clones but suggests that these clones had limited affinity
maturation.

3.7. Altered B cell affinity maturation in WASp~"N-WASpflcD19Cre* mice

To investigate affinity maturation, we performed SHM analysis of expressed BCRs from
GC-enriched B cells of NP-KLH immunized mice. A5’ primer specific for Vy1-186.2 and
a3’ primer in either constant heavy chain (C) Cp or Cy1 were used to detect mutations in
IgM and 1gG1, respectively. Using this approach, we could detect a specific high affinity
mutation in the complementary determining region (CDR)1 replacing a tryptophan with
leucine at position 33 (W33L) [40,41]. Wildtype and WASp~~ B cells had high rate of
replacement mutations in both IgM and 1gG1 (Fig. 7A and B) and 65-80% of the 1gG1
clones expressed the high affinity W33L mutation in CDR1 (Fig. 7B, indicated with pink
arrowhead). WASp~~N-WASp/flcD19C"/* B cells showed a lower frequency of
replacement mutations in both IgM and IgG1 as compared to wildtype and WASp™~ B cells
(Fig. 7A and B). Despite low serum titer of NP-specific 1gG1 antibodies of high affinity in
WASp~~N-WASp/flcD19Ce"* mice (Fig. 6D), the majority (75%) of Cy1 sequences had
the high affinity W33L mutation in CDR1, showing a strong, if not exclusive, selection of
W33L-expressing B cells. The remaining Cy1 sequences in WASp~~N-WASpf/flcp19Cre/*
B cells were in germline configuration.

4. Discussion

This study provides evidence for a critical role of WASp and N-WASp in selection of high
affinity B cells in GCs and in maintenance of peripheral tolerance checkpoints to avoid
production of autoantibodies. The intracellular signaling axis of GEFs, Rho GTPases, and
WASp family members regulates BCR signaling to obtain long-lived protective immunity
[8,9]. Here we show that WASp~~ and WASp™~N-WASpT/flcD19C¢* mice had decreased
polarization of GCs associated with bystander production of autoreactive IlgG1 and IgM
antibodies, respectively. Our data implies that N-WASp expression alone drives WASp-
deficient B cells towards autoreactivity (Fig. 7C).

The MZ of the spleen constitutes an important barrier to clear apoptotic cells from the
circulating blood [42,43] and MZ DCs can efficiently phagocytose apoptotic cells [37].
Given the low number of MZ B cells and MZ macrophages in WASp~~ and WASp™"N-
WASpTfcD19Cre+ mice [14], our data implies that the abundant CD11c* DCs may take up
and transport apoptotic cells to the B cell follicle and initiate a GC reaction. However, WASp
I~ and WASp~"N-WASpTflcD19C™* mice had disturbed GC polarization and WASp™~
and WASp™~N-WASpf/flcD19C¢/+ GC B cells proliferated less and were retained longer in
GCs. Intravital microscopy of GCs has revealed that B cells form a highly polarized
morphology with a leading filopodia and trailing uropod when moving within GCs [7,44].
While WASp~~ B cells have a moderately decreased spreading response, WASp™~N-
WASpT/flcD19Cr¢/* B cells have almost abolished capacity to spread and form filopodia
extension Jn vitro [14]. Moreover, WASp~'~ and WASp~~N-WASp/flcD19Cre* B cells
have reduced capacity to migrate to CXCL12 /n vitro and compete poorly with wildtype B
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cells in homing from blood into lymphoid organs /n7 vivo (this study) [14]. B cells devoid of
the receptor for CXCL12, CXCR4, fail to create LZ and DZ areas in GCs and yet CXCR4™/~
B cells acquire the phenotypic characteristics of DZ and LZ cells [6,39]. Since WASp™~ and
WASp~~N-WASpfflcD19C™e* B cells express CXCR4, our data implies that the decreased
capacity to migrate towards CXCL12 by DZ B cells is the likely cause for failure to polarize
GCs in WASp~~ and WASp™~N-WASpf/flcD19C"e* mice. The study here supports the
concept that GCs can form and be productive in the absence of clear spatial polarization of
DZ and LZ. However, for high rate of SHM and selection, GC polarization is required
[4,39].

BCR activation triggers intracellular signaling pathways to localized polymerization of actin
at the immunological synapse interphase. Dock8 is a GEF for Racl, Rac2, and Cdc42 [45].
Since Cdc42 releases the autoinhibited folding of WASp and N-WASp to allow their
activation, it is reasonable to predict that Dock8/~, WASp~~ and WASp™~N-
WASpTflcD19C* mice would share similar defects in B cell functionality. In fact, all three
mutant strains have severely decreased MZ B cells, reduced capacity to form an
immunological synapse, decreased GC formation and reduced production of IgG1
antibodies, and still normal BCR-induced proliferation [14,29,45-47]. There are however
some notable differences in the GC response as we show here. While Dock8~/~ mice have
near normal rate of general SHM, they fail to induce high affinity mutations [45]. In
contrast, WASp™~N-WASpf/flcD19Cre’* mice had low rate of general SHM, and yet
induced high affinity mutations in 1gG1. Dock8 may allow for selection of B cells with
moderate affinity for antigen due to the action of other GEFs, such as Vav1 and Vav2
[48,49], that may bypass Dock8 deficiency to activate WASp family members. In contrast, B
cells devoid of both WASp and N-WASp lower BCR signaling to the extent that B cells
require the high affinity mutation (V1-186.2-W33L) for selection in response to NP-KLH.

Strikingly, WASp™~ B cells showed an intermediate phenotype between wildtype and WASp
~~N-WASpfflcD19Cre"* B cells. Similar to wildtype mice, WASp™~ mice had capacity to
induce switched IgG autoantibodies and high affinity IgG1 antibodies in response to NP-
KLH. Moreover, WASp~~ B cells competed well with wildtype B cells in the GC reaction
of BM chimeric mice. Similar to WASp™~N-WASp/flcD19C"/* mice, WASp~~ B mice
had decreased polarization of GCs, increased retention and decreased proliferation of GC B
cells. This implies a unique contribution of N-WASp in rescuing some functionality of B
cells devoid of WASp. Together with previous reports [14,46,47,50], this suggests that at
instances when the antigen has capacity to be at high avidity due to large size or high dose,
WASp~™~ mice can respond to antigens with normal GC response and switched 1gG antibody
production. Based on increased IgG autoantibody titers in naive WASp™~ mice (this study)
[19,23,24] and in WAS patients [26], we reason that N-WASp rescues BCR signaling
threshold enough to induce 1g class switch recombination from IgM to IgG1 and SHM but
too little to maintain peripheral tolerance checkpoints [51]. The data presented here suggests
a scenario in which WASp~~N-WASpf/flcD19Cre/+ B cells have increased threshold for
BCR activation (Fig. 7). First, WASp~~N-WASp/flCD19C"/* mice had high titers of serum
IgM antibodies with broad reactivity to autoantigens that indicates escape of autoreactive B
cells during peripheral tolerance checkpoints. Second, WASp~~N-WASpf/flcD19Cre/+ B
cells had normal capacity to receive help from wildtype Tgy cells as evident in the analysis
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of BM chimeras in which WASp™~N-WASpf/flcD19C"e/* B cells constituted a large
proportion of GC cells and plasma cells as well as in the /n vitro capacity to induce T cell
proliferation. 7hird, in response to NP-KLH, WASp™~N-WASpf/flcD19C"e/* B cells almost
exclusively had either high affinity 1gG1 antibodies (V1-186.2-W33L) or 1gG1 antibodies
that remained in germline configuration. WASp~~N-WASpf/flcD19Cre/* B cells with lower
affinity for antigen and as a consequence less triggering of BCR may not be selected, likely
due to failure to spatially coordinate the BCR immunological synapse [29] combined with
decreased capacity to polarize the GC response.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Abbreviations:

AID activation induced deaminase

BCR B cell receptor

Cy constant heavy chain

Dz dark zone

FDCs follicular dendritic cells

GC germinal center

GEF guanine exchange factor

Ig immunoglobulin

LZ light zone

Mz marginal zone

NP-KLH 4-Hydroxy-3-nitrophenylacetyl Keyhole Limpet Hemocyanin
N-WASp neuronal Wiskott-Aldrich syndrome protein
SHM somatic hypermutation

TeH T follicular helper
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Vi variable light chain

Vy variable heavy chain
WAS Wiskott-Aldrich syndrome
WASp WAS protein
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Fig. 1.

WASp~"N-WASpnTflcD19Cre* mice have increased serum titers of DNA-specific IgM
antibodies. (A and B) Confocal imaging analysis of spleen sections from mice 30 min after
injection with CFSE-labeled apoptotic cells. Representative images of WT and WASp™~n =
3, WASp~~-N-WASpnf/finCD19Cre* n = 4, are shown. (A) B cells were visualized with
B220 (blue), metallophilic macrophages with CD169 (red), and apoptotic CFSE (green).
Bars, 150 um. (B) DCs were visualized with CD11c (red). White arrows indicate co-
localization of CD11c* cells and apoptotic cells. Bars, 300 pm (C and D) Flow cytometry
analysis of DC subsets in spleen 30 min after injection with CFSE-labeled apoptotic cells
(C) Absolute number of CD11c* DCs, CD11¢c*DEC2015* DCs, and CD11¢*33D1" DCs.
(D) DC co-localization of CFSE-labeled apoptotic cells shown for CD11c*DEC205* and
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CD11¢*33D1* DCs. WT n = 5, WASp™~ n = 5, WASp~/~"N-WASpnf/finCcD19Cre* n = 6. (E)
Mice were injected with apoptotic cells once a week for four weeks. Serum titers of anti-
DNA (F) IgM and (G) IgG antibodies were measured at d 0-27. n = 11 -19 and represent a
pool of two experiments, each dot correspond to one mouse. Significance was assessed with
unpaired, two-tailed Student #test. *£< 0.05, **P< 0.01 and ***P < 0.001. Data points
removed due to lack of sample material: (F) 1 cDKO at d 19, 2 cDKO at d 27 (G) 2 cDKO at
d 27. Outliers based on ROUT (Q = 1%) excluded: (F) 1 WKO atd 0, 1 WTat d 27 (G) 1
WKO atd5,2 WKO atd 12, 2 WKO at d 19,2 cDKO at d 19. Abbreviations: WKO; WASp
1=, ¢cDKO; WASp~~N-WASpf/flcp19Cre+,
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Fig. 2.

Increased autoantibody production in naive WASp~~ and WASp™~N-WASpfl/flcD19Cre+
mice. Serum from naive mice and mice immunized with apoptotic cells were screened for
reactivity to 95 different autoantigens using autoantibody array. Autoantigens are sorted by
ANOVA starting with lowest p-value at the top for (A) IgM autoantibodies and for (B) 1gG
autoantibodies. Serum from 7 to 9 mice were tested, data of individual mice are shown.
Black color equals < 1-fold change as compared with average values in control serum (WT
d 0). A yellow square indicates a =10-fold increase of autoantibody titer and a black square
no difference as compared with average values in control serum. All yellow nuances in
between represent a value larger than 1 and smaller than 10. WT, WASp™~, WASp~~N-
WASpTflcD19C* d 0 n = 7, WT, WASp~/~N-WASp/flcD19Cr/* d 27 n = 9. (C-D)
Autoantibodies in 8-10 weeks old mice. Serum titers of anti-DNA and anti-chromatin (C)
IgM and (D) IgG measured in 8-10 weeks old unchallenged mice. WT n=3, WASp™~n =
7, WASp~~N-WASpTflcD19Cr/* n = 7, each dot correspond to one mouse. Significance
was assessed with unpaired, two-tailed Student ztest. *P < 0.05. Outliers based on ROUT (Q
= 1%) excluded: (C) 2 cDKO anti-DNA, 1 ¢cDKO anti-chromatin (D) 1 WKO anti-DNA, 1
WKO anti-chromatin. Abbreviations: WKO; WASp~~, cDKO; WASp™~N-
WASpr/fICD19cre/+.

J Autoimmun. Author manuscript; available in PMC 2018 November 20.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Dahlberg et al.

Page 19
A WT GC area in follicle « WT
40, _** e WKO
e cDKO
do Q30
o .
o L]
5 [ ]
© 20 :
P w‘,; X
g1 []
* W! 'w
27 Ml
PNA CD169 B220
B B220* cells in spleen GC B cells in spleen C T
~ 50 & 4.0 __ 8.0+
o “ ‘C_> ?D L]
= x »
{, 40«‘. ; ° 53'0" Zeo| ©
3
2 30qe £ o 3
3 ‘;.' 220{® o £ a0
e 204" 2 . : ] ; H
2 10J. 210 $ 5208
I 11— Y 11 L
o L2118 o- < 0
Light zone B cells Dark zone B cells Ratio DZ/LZ
D —~ 100 20 Xxk 4 Sk
1) L4 1) . .
wr y < 604, ° X 15{e
I & @ 2 . o]
8 * o g £ °
8~8L 54.0;, 510. £ 2 &
GL7 CXCR4(DZ) g H - 6 L4 L
- 1 - o
é 20 ‘ 2 0547y Hl '
Q '\ F l °
< ol < ol LTI

1007-wg--or @ TRT—
3 '] B ok
2 80 { o g 801" o
8 & | ' S &
g 607 s
g Lldle] [ SoE iR A
T 404|e % 2 a0 ' : @
3 S
< 20 a 20
° ®
0 O 0 [

PNA CD35 B220

WT

1gG1 IgM B220

cDKO

Fig. 3.

Repeated apoptotic cell injections induce a GC response in WT, WASp™~ and WASp~~N-
WASpfMcD19Cr+ mice. (A) Immunohistochemistry of GC formation in spleen at d 0 and
d 27 after apoptotic cell injections. B cells were labeled with B220 (blue), GC cells with
PNA (red), and metallophilic macrophages with CD169 (green). Representative pictures
from each strain from three experiments are shown. The ratio of GC area of total B220* area
in spleen sections is indicated. WT d 0n =8, WT d 27 n =16, WASp”~d 0 n =7, WASp™~
d 27 n =17, WASp~~N-WASp/flcD19Cr/* d 0 n = 8, WASp~~N-WASp/flcD19Cre/* ¢ 27
n = 16. Bars, 300 um. (B) Flow cytometry data using B220, GL7 and CD95 to determine
quantity of GC B cells. WT n = 14, WASp~~ n = 13, WASp~/"N-WASp/flcD19Cre/* n =
11. (C) Absolute number of Ty cells (CD4*CD44*CD62L"PD1*CXCR5™") analyzed by
flow cytometry. WT n =8, WASp~~ n = 7, WASp™~N-WASp/fIcD19C"®* h = 5. (D) Flow
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cytometry data of the GC compartments as determined by LZ B cells (CD83*CXCR4") and
DZ B cells (CD83"CXCR4*). WT n = 14, WASp™~ n = 13, WASp~~N-WASpfl/flcp19Cre/+
n = 11. (E) Immunohistochemistry for GC polarization. FDCs were labeled with CD35
(green) in spleens at d 27 from mice immunized with apoptotic cells. Upper panel shows
CD35 alone and lower panel, CD35 together with PNA (red) and B220 (blue).
Representative pictures from each strain from two experiments are shown. The percentage of
CD35™ area of total PNA* or B220* area in spleen sections is indicated. n = 3 and three
images per mouse were analyzed. Bars, 300 um. (F) Absolute number of total plasma cells
(B220~CD138*) and 1gG1* plasma cells as determined by flow cytometry. WT n = 8, WASp
-~ n =7, WASp~"N-WASpflcD19C™/* h = 5, (G) Immunohistochemistry of IgM and
IgG1 localization in spleenatd 0 and d 27.WTd0n=3, WTd27n=4, WASp”~d0On=
4, WASp™~d 27 n = 6, WASp~"N-WASp/flcD19C"¢/* d 0 n = 4, WASp~/"N-
WASpfflcD19Cre* d 27 n = 6. Bars, 300 um. Significance was assessed with unpaired,
two-tailed Student #test. **P< 0.01, ***P < 0.001 and ****P < 0.0001. Outliers based on
ROUT (Q = 1%) excluded: (d) 1 WKO. Abbreviations: WKO; WASp~~, cDKO; WASp
—/—N_WASpr/fICDlgCre/+_
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Fig. 4.

Ingreased retention and decreased proliferation of WASp™~ and WASp™~N-
WASpfflcD19Cre+ GC B cells. (A) Proliferating cells were labeled after the third and
fourth immunization with apoptotic cells by providing the nucleotide analogous EdU and
BrdU in the drinking water for 6 subsequent days. (B and C) Flow cytometry data of (B)
EdU™* or (C) BrdU™* B cells in GCs at d 27. n = 5-6. Note that the gates appear slightly
altered because of the staining procedure for EJU and BrdU. Significance was assessed with
unpaired, two-tailed Student t test. *~< 0.05, **P < 0.01. Abbreviations: WKO; WASp™~,
cDKO; WASp~~N-WASpfflcD19Cre/*,
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WASp~~ and WASp~/~N-WASpT/flcD19Cre/* B cells can compete for help from WT T
cells. (A) Generation of BM chimeric mice. WASp~~ or WASp~/~-WASpfl/flcp19Cre/+
(expressing CD45.2) and WT (CD45.1) BM cells at a 3:1 ratio were intravenous injected
into lethally irradiated WT recipient mice. Injections of apoptotic cells started 10 weeks
after transplantation. Percentage of cells was analyzed by flow cytometry. (B) Follicular B
cells (B220*CD23*IgMINtCD21iMt) MZB cells (B220*CD23"IgMN9hcD21high) total GC
cells (B220*GL7*CD95%), LZ B cells (B220*GL7*CD95"CD83*CXCR4!°") DZ B cells
(B220*GL7*CD95* CD83°"CXCR4*), total plasma cells (B220-CD138*) and switched
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plasma cells (B220~CD138*1gG1*) were investigated at d 27. n = 7 per condition. (C) Ty
cells (CD4*CD44*CD62L"PD1*CXCR5") were analyzed at d 27. n = 7 per condition. (D) B
cell induced T cell activation /n vitro. B cells were loaded with ovalbumin (OVA) and
thereafter co-cultured with antigen-specific CD4* T cells from OT-II mice. (E) Synapse
formation between OVA-loaded B cells and OT-11 CD4* T cells quantified by
immunohistochemistry. The star indicates the T cell and the arrow indicates a polarized
synapse as determined by polymerized actin (F-actin) at the synapse interphase.
Representative pictures from each strain from two experiments are shown. Bar, 10 um n = 3.
(F) Proliferation of and IL-2 production by CD4" T cells from OT-11 mice was measured by
flow cytometry. n = 3. Graphs show three technical replicas and the experiment has been
repeated five times with similar results. Abbreviations: WKO; WASp~~, cDKO; WASp~~-
N-WASpﬂ/ﬂCD19cre+.
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Fig. 6.
Altered response to NP-KLH in WASp™~N-WASpfflcD19C™e* mice. Mice were injected

with NP-KLH in alum at d 0, boosted with NP-KLH in PBS at d 21, and analyzed at d 28.
(A-D) Serum titers of antibodies reactive to NP were measured once a week during the
experiment Arrows indicate time of injections. Total NP-specific (A) IgM and (B) 1gGlI
antibodies as detected using BSA covered by 26 NP molecules. High affinity NP-specific
(C) IgM and (D) IgGl antibodies were determined as the capacity to bind to BSA covered by
26 NP molecules (low affinity) to that of BSA covered with 4 NP molecules (high affinity).
The NP4/NP26 ratio is indicated as high/low affinity, n = 3-5 and each dot correspond to
one mouse. (E) Immunohistochemistry of VyA* cells (green) and B cells (blue) in spleen at
d 28 upon NP-KLH immunization Bars, 300 pm (F-K) Flow cytometry analysis of NP-
specific Vi A* GC B cells and plasma cells at day 28 upon NP-KLH immunization; (F)
B220*GL7*CD95*V A* GC B cells (G), B220*GL7*CD95*V| A *NP24* GC B cells, (H)
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ratio of high affinity B220"GL7+*CD95"V A*NP8" and low affinity

B220"GL7*CD95+V| A*NP24* GC B cells, (I) B220"CD138*VLA+ plasma cells, (J)
B220"CD138"V | A*NP24* plasma cells, and (K) ratio of high affinity B220"CD138+VHA
*NP8* and low affinity B220"CD138*VyA*NP24* plasma cells. WT n = 13, WASp™~n =
10, WASp~~N-WASp/flcD19C"e* n = 12. Significance was assessed with unpaired, two-
tailed Student ftest. *£< 0.05, **P< 0.01, ***P<0.001, and ****P< 0..0001. Outliers
based on ROUT (Q.= 1%) excluded: (C) LWTatd0 (D) 1WTatd0, L WKOatd0, 1 WT
atd7,1WKOatd 7,1 cDKOatd 14, 1 cDKO at d 21 (H) 1 WKO. Abbreviations: WKO;
WASp™™, cDKO; WASp~~"N-WASpf/flcD19Cre/+,
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Fig. 7.

Altered B cell affinity maturation in WASp~~N-WASp™/flcD19C™/* mice. (A and B)
Characterization of replacement mutations found in the V31-186.2 family of (A) IgM and
(B) 1gG1. Grey background highlights the CDR1, CDR2, and CDR3 regions. Pink
arrowhead indicates the high affinity amino acid mutation W33L. Amount of unique clones
analyzed; WT Cpn =34, WT Cy1 n =109, WKO Cpu n =36, WKO Cy1 n =34, cDKO Cy
n =80, cDKO Cvy1 n =21. (C) Breakdown of peripheral tolerance inWASp deficiency. N-
WASp activity in WASp-deficient B cells supports increased reactivity to self antigens.
Abbreviations: WKO; WASp™~, cDKO; WASp~~N-WASpfl/flcD19Cre/+.
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