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Wiskott–Aldrich syndrome (WAS) is a primary immunodeficiency caused by mutations in 
the gene encoding the hematopoietic-specific WAS protein (WASp). WAS is frequently 
associated with autoimmunity, indicating a critical role of WASp in maintenance of toler-
ance. The role of B cells in the induction of autoreactive immune responses in WAS has 
been investigated in several settings, but the mechanisms leading to the development of 
autoimmune manifestations have been difficult to evaluate in the mouse models of the 
disease that do not spontaneously develop autoimmunity. We performed an extensive 
characterization of Was−/− mice that provided evidence of the potential alteration in B cell 
selection, because of the presence of autoantibodies against double-stranded DNA, 
platelets, and tissue antigens. To uncover the mechanisms leading to the activation of 
the potentially autoreactive B cells in Was−/− mice, we performed in vivo chronic stimu-
lations with toll-like receptors agonists (LPS and CpG) and apoptotic cells or infection 
with lymphocytic choriomeningitis virus. All treatments led to increased production of 
autoantibodies, increased proteinuria, and kidney tissue damage in Was−/− mice. These 
findings demonstrate that a lower clearance of pathogens and/or self-antigens and the 
resulting chronic inflammatory state could cause B cell tolerance breakdown leading to 
autoimmunity in WAS.

Keywords: Wiskott–aldrich syndrome, autoimmunity, B  cells, toll-like receptors, apoptotic cells, lymphocytic 
choriomeningitis virus

inTrODUcTiOn

Wiskott–Aldrich syndrome (WAS) is a complex and severe X-linked disorder characterized by 
microthrombocytopenia, eczema, immunodeficiency, and increased risk to develop autoimmun-
ity and lymphomas, affecting 1–10 out of a million male newborns (1). The protein encoded by 
the WAS gene [WAS protein (WASp)] is a hematopoietic-specific regulator of actin nucleation in 
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response to signals arising at the cell membrane (2, 3). WAS-
associated autoimmune complications are frequently observed 
and can occur also after hematopoietic stem cell transplantation 
(4). The high incidence of autoimmunity in WAS patients indi-
cates a critical role of WASp in the maintenance of central and 
peripheral tolerance. Indeed, defective function and/or number 
of natural T regulatory cells and induced T regulatory cells have 
been shown in WAS patients and in the mouse model by ours and 
other groups (5–9). However, several recent evidences suggest a 
role of B cells in the development of autoimmune manifestations 
in WAS patients. Earlier reports identified B cell anomalies as 
mainly due to the defective cytoskeletal-dependent processes 
resulting in decreased migratory ability, adhesion, and homing 
(10, 11). These defects may be responsible for the inability of 
WAS B cells in reaching the site of infection and get properly 
activated. In addition, phenotypic perturbations reported in 
WAS patients, including marked reduction of CD21/CD35 
coreceptor expression and increased representation of CD21low 
B  cell subset (12–14), could explain abnormalities in antigen 
capture and presentation resulting in a defective maintenance of 
B cell tolerance. Immune B cell dysregulation has indeed been 
confirmed by the presence of circulating autoantibodies in both 
WAS patients (14–16) and Was−/− mice (6, 17). Moreover, in 
mouse models in which only B cells lacked WASp, the contri-
bution of intrinsic B cell defects in the pathogenesis of autoim-
munity has been demonstrated (18, 19).

However, the break of tolerance leading to autoimmunity onset 
may not be sufficient to induce disease since the contribution of 
environmental factors seems to be required, as in the case of sys-
temic lupus erythematous (SLE) patients (20). The contribution 
of external factors to the development of autoimmunity could 
indeed be critical for WAS patients and could explain the high 
variability in the frequency of these manifestations, ranging from 
25 to 72%, regardless of WASp expression (15, 21, 22). Incomplete 
clearance of apoptotic cells, bacterial and viral pathogens, due 
to the impaired functionality of WASp-deficient macrophages 
(23), could lead to an increased load of antigens. These antigens 
could be sensed by immune cells through Toll-like receptors 
(TLRs), whose activation could result in induction of survival 
and pro-inflammatory signals (24), and may favor the expansion 
of autoreactive cells in immune-compromised hosts, ultimately 
leading to autoimmune manifestations in WAS patients.

In this study, we tested the in  vivo effect of several chronic 
stimulations (TLR agonist administrations, apoptotic cell injec-
tion, and viral infection) in the Was−/− mouse model, to define 
whether incomplete clearance of apoptotic cells and/or pathogen 
antigens could contribute to the induction of autoimmune mani-
festations in WAS.

MaTerials anD MeThODs

Mice
C57BL/6 Was−/− mice were kindly provided by Siminovitch (25). 
Wild-type (wt) and Rag2−/−/γc−/− mice were purchased from 
Charles River Laboratories Inc. (Calco, Italy). Mice were housed 
under specific pathogen-free conditions. We used mice ranging 
from 8 to 12 weeks old, unless otherwise stated.

In Vivo challenge with Tlr agonists  
and apoptotic cells
Wt and Was−/− mice were treated at 6 weeks of age by intravenous 
(i.v.) injections of LPS (from Escherichia coli, Serotype O55:B5, 
Alexis) at a dose of 1 µg/g once a week for 4 weeks or by intraperi-
toneal (i.p.) injections of oligodeoxynucleotide CpG (ODN1826, 
CpG-DNA TCCATGACGTTCCTGACGTT, TIB MOLBIOL 
s.r.l., Genova, Italy) 2 µg/g twice a week for 4 weeks. In parallel, wt 
and Was−/− control groups received PBS. All animals were sacri-
ficed 1 week after the last injection. For the in vivo challenge with 
apoptotic cells, syngeneic thymocytes were isolated from thymus 
of age- and sex-matched wt and Was−/− mice. Cells were cultured 
overnight in RPMI 1640 supplemented with 2  mM glutamine, 
100 IU/mL penicillin, 100 µg/mL streptomycin (Invitrogen), and 
100  µM dexamethasone (Sigma-Aldrich) at a concentration of 
2 ×  107  cells/mL. The apoptotic phenotype was evaluated with 
Annexin V-PE and 7-AAD staining (Becton Dickinson) by flow 
cytometry before injections. Mice were treated once a week for 
4 weeks with 107 apoptotic cells in sterile PBS injected i.v. in the 
tail vein. Wt and Was−/− control groups were injected with 107 
live cells. Blood and serum were taken from the tail vein before 
treatment and 7  weeks after the last injection. Proteinuria was 
determined at the time of sacrifice.

infection with lymphocytic 
choriomeningitis Virus (lcMV)
wt and Was−/− mice were infected i.v. with 1  ×  106  p.f.u. non-
cytopathic LCMV (Armstrong strain). Mice were followed for 
1  week and then sacrificed to evaluate tissue and serum viral 
titers, renal damage (proteinuria), specific CD8+ T cell response, 
and generation of autoantibodies anti-double-stranded DNA 
(dsDNA). Infectious LCMV in serum and tissues of infected ani-
mals was quantified by plaque assay on MC57 cells, as previously 
described (26). Intracellular IFNγ staining was performed in the 
presence or absence of GP33 stimulation as described (26). Briefly, 
5 × 105 splenocytes were cultured in RPMI medium supplemented 
with 50 U/mL of IL2 and 1 µL/mL of brefeldin A for 5 h in the 
presence or absence of the specific LCMV peptide (GP33-41).  
The cells were stained with monoclonal anti-mouse CD8α anti-
body (clone 53-6.7; Pharmingen, San Diego, CA, USA) and anti- 
mouse IFNγ antibody (clone XMG 1.2; Pharmingen) and its 
isotype control antibody [rat immunoglobulin (Ig) G1]. Samples 
were acquired on a FACS Canto II system (BD) and analyzed with 
FlowJo software (Tree Star Inc.).

elisa
Levels of IgG isotypes, IgM, IgA, and IgE were measured in 
cell culture supernatants by multiplex assay [Beadlyte Mouse 
Immunoglobulin Isotyping kit; Millipore] on a Bio-Plex instru-
ment (BioRad, Richmond, VA, USA). Anti-dsDNA antibodies 
were evaluated by ELISA assay (27). Briefly, polystyrene plates 
were coated with poly-l-lysine (Sigma-Aldrich, St. Louis, MO) 
and DNA from calf thymus (Sigma-Aldrich); after coating with 
50 µg/mL polyglutamic acid for 45 min and blocking with PBS 3% 
BSA, serial dilutions of serum starting from 1:20 were incubated 
overnight. Anti-dsDNA antibodies were detected with alkaline 
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phosphatase (AP)-conjugated goat anti-mouse IgG antibody 
(Southern Biotech). The score of positivity was assigned to sera 
that were positive for dilutions of 1:40 or higher. Mouse sera were 
analyzed to evaluate the presence of antiplatelet antibodies (28). 
Briefly, wt platelets were isolated from blood collected with the 
anticoagulant citrate phosphate dextrose and diluted with the 
same volume of tyrode buffer 1× (5 mM HEPES, 137 mM NaCl, 
2.7 mM KCl, 0.4 mM NaH2PO4, 2.8 mM dextrose, pH 7.4). The 
platelet-rich plasma was centrifuged, and total proteins were 
extracted from the pellet. Ten micrograms per milliliter of protein 
extract was coated on 96-well plates and incubated overnight at 
4°C. Diluted serum (1:100 and 1:1,000 in blocking buffer) was 
added and incubated for 2 h. Positivity was revealed by staining 
with secondary goat anti-mouse IgG-AP antibody (1:2,000 in 
blocking buffer) followed by pNPP conversion by AP (Sigma-
Aldrich). The assay was read at 405 nm on a 680 microplate reader 
(BioRad).

elispot assay
Immunoglobulin-secreting cells were analyzed by ELISpot assays 
performed in plates with nitrocellulose membrane coated with 
goat α-IgG, IgA, IgM (Southern Biotech), or DNA from calf 
thymus (Sigma-Aldrich). After blocking with PBS 1% BSA, 
serial dilutions of total B cells (from 2.5 × 105 to 0.3 × 105) were 
added and incubated o.n. at 37°C. Plates were then incubated 
with isotype-specific secondary antibodies, followed by strepta-
vidin-HRP and finally developed with 3-amino-9-ethylcarbazole 
(Sigma-Aldrich) as a chromogenic substrate. Plates were scanned 
and counted using the Automated ELISA-Spot Assay Video 
Analysis System (AELVIS, Germany) to determine the number 
of spots/well.

immunohistochemistry
Indirect immunohistochemistry was performed on tissue sec-
tions from Rag2−/−/γc−/− mice incubated with serum from wt and 
Was−/− mice (27). For each serum, we analyzed the reactivity to 
four tissues (thyroid, stomach, small intestine, and salivary gland 
and pancreas). Autoantibodies were revealed by using a goat 
anti-mouse IgG-HRP antibody (Molecular Probes; Invitrogen, 
Carlsbad, CA, USA) and diaminobenzidine (DBA, DAKO) fol-
lowed by hematoxylin counterstaining (Sigma-Aldrich). Slides 
were examined on a Zeiss Axioplan2 microscope (Carl Zeiss 
Microimaging, Thornwood, NY, USA).

Proliferation assay
Mononuclear cells isolated from spleens of wt and Was−/− mice 
in FACS buffer (PBS 0.3% BSA 0.1% NaN3) were stained with 
the following antibodies: anti-CD19 (1D3), anti-CD45R/B220 
(RA3-6B2), anti-CD21/35 (7G6), and anti-CD23 (B3B4), all 
from BD Pharmingen (San Diego, CA, USA). Follicular (FO; 
CD21loCD23+) and marginal zone (MZ; CD21hiCD23lo) B  cells 
were cell sorted at FACS Aria BD instrument with a purity >95% 
and a viability ≥85%. Sorted MZ and FO B cells were labeled with 
1.5 µM CFSE (Invitrogen) for 8 min at RT. After quenching the 
labeling reaction by adding FCS, cells were washed twice. Labeled 
cells (105 cells/well) were cultured in 96-well plates with the fol-
lowing stimuli: 1 µg/mL CpG (ODN1826, InvivoGen, San Diego, 

CA, USA) or 1  µg/mL LPS (Sigma-Aldrich). Cell proliferation 
was analyzed at day 3 and 6 of culture by flow cytometry.

Proteinuria and histological analysis  
of renal Damage
Proteinuria was evaluated using Albustix sticks (Bayer). Protein-
uria index was scored as follows: 0 < 30 mg/dL, 1 = 30 mg/dL,  
2  =  100  mg/dL, 3  =  300  mg/dL, and 4  ≥  2,000  mg/dL. Four-
micrometer thick sections of formalin-fixed, paraffin-embedded 
kidneys were cut on a microtome and subjected to routine hema-
toxylin and eosin staining. Microscopic lesions observed during 
histopathological examination were classified according to the 
INHAND system (International Harmonization of Nomencla-
ture and Diagnostic Criteria for Lesions in Rats and Mice), and the 
scores were assigned as previously described (29). In particular, 
histopathologic findings included tubular mineralization, tubular 
degeneration/regeneration, inflammatory cell foci, cystic lesions, 
hyaline tubular casts, glomerulopathy, and interstitial fibrosis. 
For each finding, we scored presence and severity as follows: 0, 
absent; 1, minimal; 2, mild; 3, moderate; 4, severe. The sum of all 
scores assigned for each histopathologic finding defines the final 
nephropathy score.

autoantibody array
Screening for a broad panel of IgM and IgG autoantibodies was 
performed using autoantibody arrays (UT Southwestern Medical 
Center, Genomic and Microarray Core Facility) as previously 
described (30). Statistical differences between TLR-induced 
autoantibody profiles were assessed by Global test (31).

cytokine Production
Cytokine production was evaluated on serum samples from wt 
and Was−/− mice before and after administration of LPS, CpG, 
apoptotic cells, or infection with LCMV, by using the Bio-Plex 
Pro Mouse Cytokine Th17 Panel A 6-plex (IL6, IL17a, IFNg, 
IL1b, IL10, TNFa) (Biorad) and following the manufacturer’s 
instruction. The plate was acquired using the Bio-Plex MAGPIX 
Multiplex Reader (Biorad).

statistical analyses
All results are expressed as median and SD if not stated other-
wise. Statistical significance was assessed using the two-tailed 
Mann–Whitney test. One-way or two-way analysis of variance 
tests were applied when specified. P values <0.05 were considered 
significant.

resUlTs

autoantibody Production by B cells  
of Was−/− Mice
To address whether the absence of WASp affects the humoral 
immune response and results in an excessive reactivity against 
self-antigens, we tested the presence of autoreactive B cells in dif-
ferent settings. Significantly higher concentrations of all classes of 
total Igs in the sera (Figure 1A) and increased frequency of IgM- 
and IgG-secreting B cells were found in Was−/− mice, compared 

http://www.frontiersin.org/Immunology/
http://www.frontiersin.org
http://www.frontiersin.org/Immunology/archive


FigUre 1 | The presence of autoreactive B cells in Was−/− mice. (a) Serum levels of immunoglobulins (Igs) subclasses from wild-type wt (n = 28) and 
Was−/− (n = 30) mice are summarized in the graph. The scale on the right Y axis is specific for IgE levels. Median value is indicated as bar. (B) IgM-, IgG-, or 
IgA-secreting cells were evaluated by ELISpot assay performed on B cells isolated from the spleens of wt and Was−/− mice (IgM and IgG: wt n = 6, Was−/− n = 7; 
IgA: n = 3). The mean and SEM are shown. (c) Tissue-specific autoantibodies were detected by indirect immunohistochemistry performed on sections derived from 
different tissues from Rag2−/−/γc−/− mice incubated with sera of wt (n = 6) and Was−/− mice (n = 6). (D) The levels of autoantibodies against platelets present in the 
sera of wt and Was−/− mice were assessed by ELISA and expressed as optical density. Box and whisker plot shows the maximum and minimum value obtained. 
 (e) Percentage of mice positive or negative for circulating autoantibodies against double-stranded DNA (dsDNA) evaluated in the sera of wt and Was−/− mice and 
assessed by ELISA. (F) Frequency of Ig-secreting cells against dsDNA was assessed by ELISpot assay performed with total splenic wt and Was−/− B cells. 
(a,B,D,F) Statistical significant differences were analyzed using the Mann–Whitney test (***P < 0.0001, **P < 0.005, and *P < 0.05). (e) Difference was statistically 
calculated by χ2 test (***P < 0.0005).
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to wt animals (Figure  1B). We then evaluated the presence of 
circulating autoantibodies by immunohistochemistry incubating 
sera of wt and Was−/− mice on tissue sections of thyroid, stomach, 
salivary gland, small intestine, and pancreas derived from Rag2−/−/ 
γc−/− mice, to avoid interference of endogenous Igs. We detected 
a strong immunoreaction in all tissues incubated with sera of 
Was−/− mice as opposed to wt animals (Figure 1C), suggesting the 
presence of autoreactive Igs targeting different tissues in the sera 
of mutant mice. Because of the reduced platelet counts in Was−/− 
mice, we evaluated whether the animals could present antiplatelet 
antibodies in the peripheral blood. As shown in Figure 1D, anti-
platelet antibodies were detectable at levels significantly higher 

in Was−/− mice than in age-matched wt mice (8–10 weeks old). 
The presence of antibodies against dsDNA was also evaluated 
in wt and Was−/− mice by ELISA and ELISpot assays. Seventy-
five percent of Was−/− mice resulted positive for the presence of 
anti-dsDNA antibodies, which were completely absent in wt mice 
(Figure 1E). The increased frequency of B cells producing both 
IgM or IgG directed against dsDNA in Was−/− compared to wt 
mice was confirmed in ELISpot assays performed on total splenic 
B cells (Figure 1F).

In conclusion, these data show that Was−/− B cells have a higher 
level of self-reactivity than wt B  cells, highlighting a potential 
breakdown of B cell tolerance in WAS.
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In Vivo Tlr ligand administration induces 
Production of autoantibodies and Tissue 
Damage in Was−/− Mice
Given the increased production of total Igs and autoantibodies, 
we questioned whether the response of Was−/− B cells to in vitro 
stimuli could also be altered. We thus evaluated whether the 
response to TLRs and their ligands, important regulators of B cell 
functions (32), was dysfunctional in Was−/− B cells. To this aim, 
we tested the proliferative response of mature splenic B cells to 
LPS (TLR4 ligand) and CpG-containing DNAs (TLR9 ligand). 
To avoid biases in the proliferation assays, due to the well-known 
perturbation of the mature B cell subsets in the spleen of Was−/− 
mice with a marked reduction of MZ B cells (11, 27), the experi-
ments were performed on sorted MZ and FO B cells. As expected, 
both wt and Was−/− FO B cells were unresponsive to low doses of 
LPS stimulation (33, 34), while stimulation with CpG resulted in 
a higher proliferation of FO B cells from Was−/− mice compared 
to wt mice (Figure 2A). Was−/− MZ B cells showed a significantly 
higher proliferation than wt MZ B cells to both TLR4 and TLR9 
stimulations. We did not find differences in the expression of 
TLR4 and TLR9 in Was−/− FO and MZ B cells compared to wt 
B cells (data not shown). These results indicate that Was−/− B cells 
are hyperproliferating to TLR-dependent stimuli when compared 
to wt B cells.

Improper activation of TLRs could favor the expansion of 
autoreactive cells (35). To assess the role played by pattern recog-
nition receptors in WAS autoimmunity, we evaluated the in vivo 
response of Was−/− mice to repeated TLR stimulations, a condi-
tion mimicking chronic inflammatory state. In fact, in WAS, it 
has been postulated that a chronic inflammatory state, due to an 
incomplete pathogen clearance, could disrupt immunological 
tolerance. We treated wt and Was−/− mice by i.v. injections of LPS 
once a week or by i.p. injections of CpG twice a week for 4 weeks. 
In parallel, control groups for wt and Was−/− mice received PBS. 
All animals were sacrificed 1 week after the last dose (scheme 
of treatment is summarized in Figure S1A in Supplementary 
Material). At the time of sacrifice, both LPS and CpG treat-
ments caused a mild change in the amount of circulating Igs in 
wt mice, with only an increase in IgM and IgG3 in response to 
LPS (Figure 2B). On the contrary, LPS and CpG treatments sig-
nificantly affected the amount of circulating Igs in Was−/− mice 
(Figure 2B). In particular, IgG3 was increased in response to LPS 
and IgG2a and IgG3 in response to CpG. Moreover, the levels 
of IgM, IgG2a, and IgG3 were all significantly higher in Was−/− 
mice after CpG treatment, compared to wt mice (Figure 2B). To 
evaluate the type of Igs circulating in treated mice, we monitored 
the kinetics of autoantibody production by measuring the levels 
of antibodies anti-dsDNA every week starting at 2 weeks after 
the first dose. In wt mice, the titers of anti-dsDNA antibodies 
were under or just above the threshold of positivity at all time 
points analyzed (Figures 2C,D). On the contrary, Was−/− mice 
showed high autoantibody titers, starting at 2 weeks from the first 
dose, which remained high until the end of treatment with both 
LPS and CpG (Figures 2C,D). Interestingly, LPS administration 
induced a more rapid production of autoantibodies, reaching 
titers higher than those achieved upon CpG administration. On 

the basis of these results, we analyzed the profile of circulating 
autoantibodies by performing an autoantibody array on the sera 
of Was−/− mice before and after the in vivo administrations of 
LPS and CpG to screen the positivity of IgM or IgG antibodies to 
74 autoantigens (30). We noticed that Was−/− mice, injected with 
LPS or CpG, showed high normalized fluorescence intensity 
(nfi) values for many autoantigens tested with several outliers 
above the cutoff of +3 (which corresponds to a fold increase 
of 8 compared to the nfi before treatment) (Figures 2E,F). The 
specificity and the signal intensity of autoantibodies detected in 
both IgM and IgG subclasses are represented in the heat maps of 
LPS- and CpG-treated groups (Figures S2A,B in Supplementary 
Material, respectively). LPS injections in Was−/− mice led to an 
increased production of autoantibodies belonging to both IgM 
and IgG isotypes, even though the latter did not reach statisti-
cal significance (P  =  0.0571) (Figure S2A in Supplementary 
Material). Instead, both IgM and, even more, IgG autoantibodies 
were significantly increased after in vivo CpG administration in 
Was−/− mice (Figure S2B in Supplementary Material). The speci-
ficity of autoantibodies produced by Was−/− mice challenged 
with LPS or CpG covered a broad panel of autoantigens that 
included antinuclear antibodies (with anti-dsDNA, anti-histone 
H2a or H3, anti-KU, antiribonucleoprotein complex, and anti-
topoisomerase Scl70), antineutrophil cytoplasmic antibodies 
[anti-bactericidal permeability-increasing protein (BPI), anti-
glomerular basement membrane, antilaminin, antimatrigel], 
anticollagen antibodies, and organ-specific autoantibodies such 
as antithyroglobulin protein (found in thyroid cells) or the liver-
specific antiliver cytosol. In particular, three autoantibodies, of 
both IgM and IgG subclasses, were produced in Was−/− mice 
independently of the treatment: BPI (antimicrobial protein 
that binds and neutralizes LPS of Gram-negative bacteria) (36), 
anti-Ku antibody (a rare type of antinuclear antibody typical 
of myositis) (37), and anti-SRP54 (signal recognition particle 
involved in targeting secretory proteins to the rough endoplas-
mic reticulum membrane) (38).

To evaluate the presence of tissue damage caused by the chronic 
treatment with LPS and CpG, we analyzed the proteinuria of mice 
and found an increased proteinuria index in Was−/− mice receiv-
ing LPS compared to wt mice (Figure 3A). This difference was not 
present after CpG administration (Figure 3A). To validate these 
data, we performed a histopathological examination of kidney 
sections. Microscopic lesions observed were classified according 
to the INHAND system, and a nephropathy score was assigned 
as described in Section “Material and Methods.” As shown in 
Figure 3B, LPS administration caused a significant increase in 
frequency and/or severity of renal lesions as compared to wt mice. 
Also the Was−/− group treated with CpG showed a high nephropa-
thy score, although it was not statistically different from wt 
(P = 0.0545). We could observe a glomerulopathy in Was−/− mice 
challenged with both LPS and CpG, while the renal parenchyma 
was unaffected and presented normal renal corpuscles in treated 
wt mice (Figure 3C).

Altogether, these data demonstrate that in  vivo TLR4 and 
TLR9 stimulations trigger activation of autoreactive B cells lead-
ing to increased production of autoantibodies and renal damage 
in Was−/− mice.
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FigUre 2 | increased in vitro and in vivo response of Wiskott–aldrich syndrome protein-deficient B cells to Toll-like receptor agonists. (a) Proliferation 
capacity was evaluated by CFSE dilution assay in sorted marginal zone (MZ) and follicular (FO) B cells isolated from spleen of wild-type (wt) and Was−/− mice and 
stimulated for 72 h with LPS (1 µg/mL), CpG (1 µg/mL), or medium alone. Representative histograms are shown in the left panel, and mean values ±SD are 
indicated in the bar graphs (three independent experiments). Significant differences are calculated with two-way analysis of variance (ANOVA) (**P < 0.01, and 
*P < 0.05). (B) Total immunoglobulin (Ig) M, IgG2a, and IgG3 levels were measured in the sera of wt and Was−/− mice receiving repeated injections of LPS, CpG, or 
PBS. Statistical differences were analyzed with the Mann–Whitney test (**P < 0.005 and *P < 0.05). (c,D) Kinetics of serum titers of anti-double-stranded DNA 
(dsDNA) antibodies circulating in wt and Was−/− mice after in vivo administration of LPS (c) or CpG (D) were evaluated by ELISA. Dotted lines indicate the serum 
titer considered negative for anti-dsDNA antibodies. Statistical differences were evaluated with two-way ANOVA (***P < 0.001, **P < 0.01, and *P < 0.05). (e,F) The 
positivity of serum IgM or IgG antibodies to 74 autoantigens was analyzed in the sera of Was−/− mice (n = 4) by an autoantibody array after in vivo administration of 
LPS (e) or CpG (F). The signal intensity of the autoantibodies before (PRE, red) and after (POST, white) the treatments was normalized for the background 
fluorescence, and the normalized fluorescence intensities (nfis) are shown as log2 ratio as respect to the average nfi of PRE Was−/− mice.
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In Vivo response to challenge  
with apoptotic cells
An antigen overload in immunodeficient conditions could 
trigger development of autoimmunity. To test the effect of an 

overload of apoptotic cells on the development of autoimmunity 
in Was−/− mice, we i.v. injected syngeneic apoptotic cells in wt 
and Was−/− mice, once a week for 4 weeks, to induce an overload 
of self-antigens. Live cells were injected in control groups. Seven 
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FigUre 3 | Toll-like receptor-induced kidney damage in Was−/− mice. (a) Proteinuria was determined at the time of sacrifice of mice treated with PBS, LPS, or 
CpG (n = 5 per group), and the score was assigned starting from 0 (absence or trace of proteins, <30 mg/dL) to 4 (heavy proteinuria, >2,000 mg/dL). (B) The 
nephropathy score was based on the frequency and the severity of different renal lesions observed in wild-type (wt) and Was−/− mice (n = 5 per group) and ranged 
from 0, with no lesions, to 4, with severe histopathological changes. Mean values and SEM are reported in the graphs. The Mann–Whitney test was applied to 
assess whether differences between wt and Was−/− were significant (***P < 0.0001, **P < 0.005, and *P < 0.05). (c) Hematoxylin and eosin staining of kidney 
sections of wt and Was−/− mice after LPS or CpG treatment. Unaffected renal parenchyma with normal corpuscles is shown in wt mice (arrowheads). 
Glomerulopathy (arrows) characterized by segmental to global hyaline thickening of glomerular basement membrane with hypertrophic cells populating the  
affected mesangiocapillary areas was present in Was−/− mice. Scale bar = 200 µm (main panel) and 100 µm (inset).
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weeks after the last administration of apoptotic cells, we sacrificed 
the mice and examined the response to apoptotic cell injections in 
terms of levels of autoantibodies against dsDNA and proteinuria 
(schematic representation of experimental protocol is shown in 
Figure S1B in Supplementary Material). We observed that Was−/− 
mice injected with apoptotic cells produced significantly higher 
levels of anti-dsDNA antibodies compared with wt mice treated 
with apoptotic cells or with the same group before treatment 
(Figure 4A). The reaction was specific to apoptotic cells, since in 
mice injected with live cells, the autoantibody levels were higher 
than in wt mice, but similar to those of Was−/− mice before treat-
ment. In addition, the increased response to apoptotic cells was 
associated with an increased proteinuria, suggestive of kidney 
tissue damage, only in Was−/− mice injected with apoptotic cells 
(Figure 4B). Immunohistochemical analysis of splenic sections 
stained with B220 and peanut agglutinin showed a reduced 
frequency of germinal centers on the total number of foci in 
Was−/− mice injected with apoptotic cells compared to wt mice 
challenged with apoptotic cells or Was−/− mice injected with live 
cells, likely indicating different kinetics of germinal center forma-
tion between wt and Was−/− mice (Figures 4C,D).

These results demonstrate that Was−/− B  cells have a lower 
activation threshold than wt B cells and that an overload of self-
antigens is sufficient to overcome tolerance mechanisms.

In Vivo response to Viral infection
To test whether also incomplete pathogen clearance following 
viral infection could disrupt immunological tolerance and trig-
ger development of autoimmunity, we performed acute LCMV 

infection in Was−/− mice. wt and Was−/− mice were infected i.v. with 
1 × 106 p.f.u. LCMV (Armstrong strain). Mice were monitored 
for 7 days and then sacrificed. We observed a 30% mortality in 
Was−/− mice (data not shown), as they were unable to completely 
clear the infection. In fact, higher viral titers were detected in 
the serum of mutant mice at day 4 in the serum and at day 7 in 
the liver (Figure 5A). Consistently, in vitro stimulation of CD8+ 
T cells obtained from the spleens of infected mice with GP33-
specific LCMV peptide revealed a decreased CD8-mediated spe-
cific response to the virus, as shown by the reduced production 
of IFNγ in Was−/− mice (Figure 5B). We then evaluated the effect 
of acute LCMV infection on the generation of autoantibodies. 
Serum from LCMV-infected Was−/− mice showed a significantly 
increased positivity for anti-dsDNA antibodies compared to wt 
animals (Figure 5C). Finally, we evaluated renal tissue damage 
by dosing proteinuria, and we detected a significant increase of 
proteinuria score at day 7 after infection, only in Was−/− mice 
(Figure 5D).

Taken together, our results indicate that incomplete clearance 
of viral infections can lead to a break of tolerance and trigger an 
autoimmune-like response in Was−/− mice.

increased Production of Pro-inflammatory 
cytokines in Was−/− Mice after In Vivo 
chronic stimulations
We performed in  vivo chronic stimulation in Was−/− mice by 
means of administration of TLR agonists (LPS and CpG), injection 
of apoptotic cells, and LCMV infection. In all cases, we observed 
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FigUre 5 | lymphocytic choriomeningitis virus (lcMV) infection in Was−/− mice. (a) Quantification by plaque assay of the viral titers in the serum (left panel) 
and liver (right panel) of wild-type (wt) and Was−/− mice at the indicated time points after LCMV arm infection (106 p.f.u./mouse). Mann–Whitney test was applied to 
assess the significant differences between wt and Was−/− groups (*P < 0.05). (B) Assessment by intracellular IFNγ staining of the absolute number of GP33-specific 
CD8+ T cells recovered from the spleens of infected animals at the time of sacrifice. Mean values ±SD are reported in the graphs, and significant differences 
between wt and Was−/− groups were evaluated by one-way ANOVA test (***P < 0.0001). (c) Graph shows the percentage of mice positive or negative for circulating 
autoantibodies against double-stranded DNA (dsDNA) after LCMV arm infection, evaluated in the sera by ELISA (n = 10 mice per group). Significant differences 
were statistically calculated by χ2 test (***P < 0.0005). (D) Proteinuria scores were assessed before (pre) and 4 and 7 days after LCMV arm infection. Two-way 
ANOVA test was applied to assess the significant differences between wt and Was−/− groups (***P < 0.001, n = 10 mice per group).

FigUre 4 | In vivo challenge with apoptotic cells triggered autoreactive B cells and kidney damage in Was−/− mice. (a) Serum titers of anti-double-
stranded DNA (dsDNA) circulating antibodies in wild-type (wt) and Was−/− mice evaluated by ELISA before (PRE, n = 16 per group) and 8 weeks after the first 
injection with apoptotic (APO, n = 7–8 per group) or live cells (LIVE, n = 4 per group). (B) Proteinuria scores were determined at the time of the sacrifice. (c) Splenic 
sections of wt and Was−/− mice treated with live or apoptotic cells were stained with peanut agglutinin (PNA) (brown) and B220 Ab (blue). (D) The frequency of 
germinal centers on the total number of foci was evaluated by immunohistochemistry analysis of splenic sections stained with PNA and B220 Ab. Mean values ±SD 
are reported in the graphs. Mann–Whitney test was applied to assess the significant differences between wt and Was−/− groups (***P < 0.0001 and *P < 0.05).
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FigUre 6 | cytokine production in Was−/− mice after in vivo chronic stimulations. The fold increase of IL6 (a) and IL17a (B) concentrations was calculated 
as the ratio between the mean value of cytokine production after the indicated in vivo treatment over the mean value before the treatment for each group of mice 
[LPS/CpG, n = 4 mice; Apo, n = 7–8 mice; lymphocytic choriomeningitis virus (LCMV), n = 5 mice].
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the increase of autoantibody production and the development of  
signs of autoimmunity, which could indicate a common mecha-
nism of peripheral break of tolerance induction in Was−/− mice. To 
this end, we tested whether chronic stimulations might induce an 
inflammatory state that could trigger the activation of potentially 
autoreactive B cells in Was−/− mice by evaluating the production 
of pro-inflammatory cytokines (IL6, IL17a, IFNg, IL1b, IL10, and 
TNFa) in the serum of animals, before and after in vivo chronic 
stimulations. As shown in Figure 6, production of both IL6 and 
IL17a was strongly increased in Was−/− mice, compared to the wt 
counterpart, after all different chronic stimulations (LPS, CpG, 
apoptotic cells, and LCMV infection). Upon LPS administration, 
also IFNg production was increased in Was−/− mice (Figure S3 
in Supplementary Material). No difference in the production of 
the other cytokines evaluated (IL1b, IL10, and TNFa) was found 
between wt and Was−/− mice (data not shown).

DiscUssiOn

Many cellular defects contributing to the immunopathology of 
WAS have been identified over the years; however, the mecha-
nisms leading to the development of autoimmunity still remain 
not completely understood. In particular, although several groups 
have demonstrated that the B cell intrinsic defect contributes to 
WAS-related autoimmunity (12, 18, 19, 39, 40), the pathogenic 
mechanisms are still matter of study. In this article, we took 
advantage of the Was−/− mouse model to gain new insights in the 
mechanisms responsible for the humoral autoimmunity observed 
in the absence of WASp.

In naïve Was−/− mice, we found high levels of circulating Igs 
and increased frequency of Ig-secreting cells, plasma cells, and 
GC B cells (data not shown), suggesting a critical role for WASp 
in the differentiation toward Ig-secreting cells, both in vitro and 
ex vivo, in line with results previously published (19, 41, 42). 
Was−/− mice are also characterized by the presence of autoreac-
tive B cells, which produce autoantibodies against dsDNA, tissue 
antigens, and platelets. Antinuclear and anti-dsDNA antibodies 
were initially described in WAS by Humblet-Baron et al. (6) and 
later observed by other groups in Was−/− mice with different 
gene targeting strategies and/or genetic mutations/backgrounds 
(17–19, 39). Thus, the presence of autoantibodies is a consistent 

finding of Was−/− mice, often without any overt autoimmune 
manifestations. In fact, only the 129Sv Was−/− strain develops 
spontaneous, radiation-induced colitis, which resembles autoim-
mune inflammatory bowel disease (43), and IgA nephropathy-
like glomerulonephritis (44, 45).

We showed a hyperactivation of WASp-negative B  cells to 
TLR-dependent stimuli both in vitro and in vivo. Alterations in the 
B cell cytoskeleton of Was−/− mice could influence their activation 
threshold, and, in this respect, it is known that membrane lipid 
rafts participate in many of the cell surface events involved in B cell 
activation, including signaling by the BCR, endocytosis of antigen 
bound to the BCR, and TLR activation (46, 47). We know that WASp 
is required for the dynamics of lipid rafts, which are necessary for 
immunological synapse assembly and amplification of downstream 
signals during T-cell activation (48, 49). Thus, it is likely that an 
alteration of the movements of lipid rafts in WASp-negative B cells 
could sustain the abnormal responses to TLR engagement.

It has been demonstrated that MyD88 signaling is essential 
for development of systemic autoimmune disease in Was−/− chi-
meras (18). Accordingly, we observed that in vivo triggering of 
TLRs stimulates the production of anti-dsDNA autoantibodies 
with renal damage in Was−/− mice, demonstrating for the first 
time the in vivo hyperresponsiveness of WASp-negative B cells 
to TLR ligands. These findings suggest that, in the absence of 
WASp, improper activation of TLRs could favor expansion of 
autoreactive B cells, as also observed in SLE (50). DNA ligands 
for TLR9 may be provided in vivo by apoptotic bodies that are 
incompletely cleared and could lead to uncontrolled activation 
of the TLR9-MyD88 pathway promoting anti-DNA autoantibody 
generation (51, 52). Delayed phagocytosis of apoptotic cells has 
been reported in WASp deficiency (23) and proposed as another 
potential mechanism of loss of peripheral tolerance (53). We 
indeed demonstrated here that an overload of apoptotic cells 
perturbs the tolerance threshold resulting in high autoantibod-
ies titers in Was−/− mice. In particular, the overload of apoptotic 
cells activates autoreactive B cells, which have increased access 
to self-antigens derived from apoptotic cells, thus inducing 
the increased production of autoantibodies in Was−/− mice. 
However, we detected smaller GC in Was−/− mice after injection 
of apoptotic cells, compared to wt mice, differently from what 
has been described in literature (41). We believe that there is no 
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discrepancy with our results, since we evaluated GC at a later 
time point compared to the article by Dahlberg and colleagues. 
We think that the germinal centers in our mice were past their 
maximum expansion, and the fact that in Was−/− mice they were 
even smaller than in wt mice could indicate that they were more 
exhausted due to the extensive Ig production and proliferation 
typical of Was−/− mice after in vivo stimuli.

Along the same line, we tested whether the infection of 
Was−/− mice with viral pathogens, e.g., LCMV, could trigger the 
development of autoimmunity. Indeed, Was−/− mice infected with 
LCMV showed a defective clearance of the virus, and the resulting 
chronic exposure to viral antigens or the persistence of an inflam-
matory state led to the development of signs of autoimmunity, 
with an increased production of anti-dsDNA autoantibodies and 
the presence of renal tissue damage.

In summary, all chronic stimulations tested in Was−/− mice 
were able to generate similar phenotypes, characterized by an 
increased production of autoantibodies and signs of autoim-
munity, including proteinuria and renal tissue damage. Thus, 
we hypothesize that a similar mechanism of break of tolerance 
might take place in Was−/− mice. Indeed, we saw that all treat-
ments led to an overproduction of pro-inflammatory cytokines, 
such as IL6 and IL17a, only in Was−/− mice and not in wt 
animals. These results indicate that the chronic stimulations 
were inducing a persistent inflammatory state able to promote 
the expansion of the potentially autoreactive B cells present in 
Was−/− mice, allowing them escape tolerance mechanisms and 
become pathogenic. These mechanisms, together with defective 
T cell tolerance present in WAS, could add an additional layer of 
immune dysregulation contributing to development of autoim-
munity in WAS.
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