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Part 1: Altered BCR and co-receptor signals result in B cell-driven autoimmune pathogenesis in 
WAS 
 
Introduction: Based upon a series of studies that focused developing a better understanding of the 
autoimmune disease in Wiskott-Aldrich-Syndrome, we have established a model wherein dysregulated 
B cell signals in WAS can function to directly initiate autoimmunity via: a) modulating the naïve BCR 
repertoire during immature and transitional B cell development, and b) promoting peripheral activation of 
autoreactive B cell clones. Altered B cell signals impact B cell negative and positive selection during 
development, skewing the naïve B cell repertoire towards self- or poly-reactivity. Next, both T-
independent and T-dependent extra-follicular B cell activation drive pathogenesis of humoral 
autoimmunity. Most notably, our combined findings show that dysregulated B cell-intrinsic BCR, TLR and 
cytokine signals are sufficient to initiate spontaneous, autoimmune germinal center (GC) responses, 
resulting in a loss of T cell tolerance, epitope spreading and GC-dependent systemic autoimmunity. In 
this context, we propose that WAS deficiency promotes autoimmunity by impacting B cell signaling across 
a continuum of developmental selection and peripheral activation responses. 
 
Key observations: As a means to assess B cell-intrinsic impacts that initiate CD4+ T cell activation and 
spontaneous GC formation, we generated bone marrow chimeras where all B cells lacked WASp 
expression while all other hematopoietic linages were normal, referred to hereafter as ‘WAS chimeras’. 
Strikingly, loss of WASp in B cells was sufficient to promote the rapid development of spontaneous 
autoimmune GCs, a broad spectrum of autoantibodies and autoimmunity. Using a combination of genetic 
knockouts, we next showed that B cell-intrinsic Myd88 signals were critical for spontaneous GC 
formation. Of the Myd88-dependent TLRs, B cell TLR7 signals are prominently linked with GC-driven 
autoimmunity. In contrast, while TLR9 expression is required for anti-nucleosome antibody formation, the 
relative impact of TLR7 vs. TLR9 signals in autoimmune GC responses had not been assessed. For this 
reason, we generated WAS chimeras with B cells that were deficient in either TLR7 or TLR9. As 
predicted, B cell-intrinsic TLR7 and TLR9 deletion prevented RNA- and DNA-associated autoantibodies, 
respectively. However, while B cell TLR7 deficiency prevented spontaneous GC formation and systemic 
autoimmunity, disease severity was exacerbated by B cell-intrinsic TLR9 deletion. Although the 
mechanisms whereby TLR9 activation restrains autoimmunity remain elusive, these studies demonstrate 
that protective roles for TLR9 rely in B cells, and not myeloid subsets. 

In addition to cognate interactions between GC B cells and TFH cells, cytokine signals profoundly influence 
GC biology, both during infectious responses and in autoimmunity. The pro-inflammatory cytokine IL-6 
promotes the formation of GC B cells and TFH cells. Although an absolute requirement for IL-6 in TFH 
generation is controversial134-137, IL-6 is known to promote early TFH cells differentiation by transiently 
inducing BCL-6 expression in CD4+ T cells binding cognate antigen138. Using the WAS chimera model, 
we showed that activated B cells produce IL-6 and using the WAS chimeras we showed that B cell-
derived IL-6 is required to initiate TFH development and spontaneous GC formation. 
 
In addition to important functions during anti-viral immune responses, the type 1 interferon cytokine family 
(IFN-α, -β, -ε, -ω) has been implicated in pathogenesis of autoimmunity. For example, a prominent subset 
of lupus patients exhibits increased peripheral blood mononuclear cell type 1 IFN gene transcripts, 
termed the “interferon signature”. Mechanistically, TLR-dependent activation of plasmacytoid dendritic 
cells by nucleic acid-continuing immune-complexes has been proposed to propagate autoimmunity via 



increased type 1 IFN production. Importantly, in addition to type I IFN, animal models and human gene 
expression studies have also implicated dysregulated type 2 interferon (IFN-γ) signals in autoimmune 
pathogenesis. Surprisingly, whereas B cell-intrinsic type 1 IFN signals were redundant for humoral 
autoimmunity in WAS chimeras, spontaneous GC formation required B and T cell-intrinsic IFN-γ receptor 
(IFN-γR) signals for the generation of GC B cells and TFH cells, respectively. Mechanistically, although 
IFN-γ-driven upregulation of the T-box transcription factor, T-bet, was required for pathogenic IgG2c 
autoantibody production, neither global nor B cell-intrinsic T-bet deletion impacted spontaneous GC 
formation. Rather, IFN-γ synergized with co-stimulatory signals to promote cell-intrinsic expression of the 
GC master regulator BCL-6 by both CD4+ T cells and B cells. In contrast to the critical impact of IFN-γ in 
the autoimmune pathogenesis, B cell type 1 IFN signals accelerated, but were not required for, class-
switched autoantibody production and spontaneous GC formation in the WAS model.  
 
Strikingly, these findings precisely model recent longitudinal studies in SLE subjects showing that initial 
lupus-associated autoantibodies develop many years prior to clinical symptoms, and correlate with 
elevated serum IFN-γ and IL6 levels. In contrast, the “type 1 interferon signature” typically develops 
shortly before lupus diagnosis, years after first positive anti-nuclear antibody. Thus, elevated type 1 IFN 
likely propagates autoimmunity via feed-forward mechanisms whereas B cell IFN-γ signals may be critical 
for initial breaks in B cell tolerance resulting in spontaneous GC formation, autoantibody production and 
loss in T cell tolerance. Further, the paradigm in which serial accumulation of disease-associated 
autoantibodies precedes an increase in pro-inflammatory cytokines and disease onset is not unique to 
lupus. Rather, antibodies to islet cell antigens (including GAD65, IA-2, and insulin) and cyclic citrullinated 
peptides (anti-CCP) develop years prior to clinical symptoms in T1D and RA, respectively.  
 
Summary: B cell intrinsic triggering of autoimmune disease: Driven forward by studies using WAS 
deficient mouse models, our work provides new insight into how altered B cell-intrinsic signals function 
in concert to promote autoimmune pathogenesis. These signals impact B cells in at least two distinct 
steps. First, signaling through the B cell antigen receptor (BCR), in concert with key co-receptors (BAFFR, 
CD40, and TLRs), modulates selection of developing transitional B cells in the peripheral lymphoid 
compartment, leading to an altered naïve BCR repertoire. Second, these same signals, in conjunction 
with critical B cell-intrinsic cytokine programming, drive the activation of autoreactive B cells triggering 
autoimmune germinal center responses capable of disrupting T cell tolerance and producing class-
switched, affinity-matured pathogenic autoantibodies. As part of this iterative process, we predict that 
successive rounds of B cell antigen presentation allows for the display of a broad array of self-antigen-
derived epitopes, promoting epitope spreading and activation of additional autoreactive T and B cell 
clones. These autoimmune GCs result in the generation of long-lived cell populations critical for 
maintenance and propagation of systemic autoimmunity: 1) Long-lived PCs derived from autoimmune 
GCs secrete pathogenic class-switched autoantibodies. 2)  Autoreactive GC B cells can differentiate into 
IgM+ or class-switched memory B cells that can participate in formation of new autoimmune GCs and/or 
self-reactive extrafollicular B cell responses. and 3) Finally, autoimmune GCs likely promote the 
generation of self-reactive memory TFH cells capable of initiating new autoimmune GCs and/or T-
dependent extrafollicular responses; events that likely no longer require triggering by self-reactive B cells.  
Therefore, rather than being mere downstream targets of autoreactive T cells, altered B cell signals can 
serve as a primary driver for autoimmunity in WAS (and likely also across a range of human autoimmune 
diseases). Our studies in WAS imply that understanding how these immune mechanisms and cytokine 
signals initiate autoimmunity holds the promise for predicting disease and defining new treatments to 
prevent autoimmunity in WAS subjects as well as the broader population. 
 
Part 2: Gene therapy for Wiskott-Aldrich Syndrome using an insulated lentiviral vector  

Viral gene therapy to restore WAS protein (WASp) expression in patient hematopoietic cells has the 
potential to improve outcomes relative to the current standard of care, allogeneic bone marrow 



transplantation.  However, the development of viral vectors that are both safe and effective has been 
problematic.  The capacity of a clinical LV vectors to recapitulate endogenous protein expression levels 
is particularly important for treating WAS based on findings including:  sub-endogenous levels of WASp 
expression may hinder the reconstitution of murine B cell, T cell, and myeloid subsets, and platelets; 
insufficient WASp expression in B cells compared to T cells (as noted in our studies summarized above) 
can drive acquisition of autoimmunity; and WAS patients are predisposed to malignancies and clonal 
expansion. While use of viral-derived transcriptional promoters may increase the risk of insertional 
mutagenesis, cellular promoters may not achieve WASp expression levels necessary for optimal 
therapeutic effect.  Recent clinical trials for WAS utilized a SIN-LV with an internal promoter consisting of 
the proximal 1.6 kb of the endogenous WAS promoter (WS1.6) to drive hWASp expression. Patients 
treated with this SIN-LV showed improvements in immunity to infections, resolved eczema, and 
protection from bleeding, without evidence of clonal expansion of cells or loss of self-tolerance. However, 
clinical improvement required relatively high levels of viral marking and alleviation of the WAS phenotype 
was incomplete with, most notably, limited or no improvement in platelet counts. In previous mouse gene 
therapy experiments, we found that the WS1.6 promoter did not effectively rescue WASp expression in 
all lineages including B cells and resulted in the acquisition of features of humoral autoimmunity. In 
contrast, a SIN-LV using a synthetic promoter derived from a γ-retrovirus called MND (MPSV LTR, NCR 
deleted, dl587 PBS) as an internal promoter rescued WASp expression in all affected lineages and 
reduced the risk of autoimmunity. In follow-up of that initial work, we developed a SIN lentiviral vector 
combining a chromatin insulator upstream of the MND promoter driving WASp expression.  Chromatin 
insulators act as boundary elements preventing interactions between adjacent chromatin domains by 
functioning as ‘barrier’ elements (acting as barriers to epigenetic chromatin silencing), or ‘enhancer-
blocker’ elements (that prevent promoter transactivation between the domains that they separate), or 
both.  One of the best characterized insulators, chicken β globin hypersensitive site 4 (cHS4), exhibits 
both barrier and an enhancer-blocker activity and the insulator properties of the canonical 1.2 kb cHS4 
can be recapitulated by a 650 bp sequence consisting of the 250 bp cHS4 core and 400 bp of sequence 
at its 3’ end. Because the 3’LTR of the LV is copied and replaces the 5’LTR upon integration into the host 
chromatin, insulator sequence that is cloned within the 3’LTR will result in the integrated LV being 
bordered with insulator sequences at both ends. Used as a gene therapeutic in WAS-/- mice, this vector 
resulted in stable WASp+ cells in all hematopoietic lineages, rescue of T and B cell defects with a low 
number of viral integrations per cell, without evidence of insertional mutagenesis in serial bone marrow 
transplants. In a gene transfer experiment in non-human primates, the insulated MND promoter (driving 
GFP expression) demonstrated long-term polyclonal engraftment of GFP+ cells. Additional safety 
evaluations demonstrated that the 650 bp insulator significantly reduces transactivation of LMO2 when 
placed in proximity to the LMO2 promoter and the insulated MND LV did not promote a pre-leukemic 
block in differentiation of primary murine thymocytes. These combined observations demonstrate that 
the insulated MND promoter safely and efficiently reconstitutes clinically effective WASp expression. 
Based on these compelling findings, in collaboration with CSL-Behring, we plan to initiate a WAS gene 
therapy trial using this LV vector platform. 
 


