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Dysregulated germinal center (GC) responses are implicated in the pathogenesis of human autoimmune diseases, including
systemic lupus erythematosus (SLE). Although both type 1 and type 2 interferons (IFNs) are involved in lupus pathogenesis,
their respective impacts on the establishment of autoimmune GCs has not been addressed. In this study, using a chimeric model
of B cell-driven autoimmunity, we demonstrate that B cell type 1 IFN receptor signals accelerate, but are not required for,
lupus development. In contrast, B cells functioning as antigen-presenting cells initiate CD4" T cell activation and IFN-y pro-
duction, and strikingly, B cell-intrinsic deletion of the IFN-y receptor (IFN-yR) abrogates autoimmune GCs, class-switched
autoantibodies (auto-Abs), and systemic autoimmunity. Mechanistically, although IFN-yR signals increase B cell T-bet expres-
sion, B cell-intrinsic deletion of T-bet exerts an isolated impact on class-switch recombination to pathogenic auto-Ab sub-
classes without impacting GC development. Rather, in both mouse and human B cells, IFN-y synergized with B cell receptor,
toll-like receptor, andfor CD40 activation signals to promote cell-intrinsic expression of the GC master transcription factor,
B cell lymphoma 6 protein. Our combined findings identify a novel B cell-intrinsic mechanism whereby IFN signals promote
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lupus pathogenesis, implicating this pathway as a potential therapeutic target in SLE.

Systemic lupus erythematosus (SLE) is a severe autoim-
mune disease characterized by class-switched autoantibodies
(auto-Abs) targeting nuclear antigens. Despite an improved
understanding of lupus pathogenesis, efficacious nontoxic
therapies for this chronic disease are lacking. Although B cells
have long been recognized as critical for lupus pathogenesis
via production of pathogenic antinuclear Abs (ANAs), recent
evidence has implicated dysregulated B cell signaling in the
initiation of systemic autoimmunity (Shlomchik, 2009; Jack-
son et al., 2015). Thus, greater understanding of the specific
B cell-intrinsic signals promoting breaks in germinal center
(GC) B cell tolerance may inform the development of novel,
targeted lupus therapies.

Although the site of initial activation of autoreactive
B cells remains incompletely defined, several lines of evidence
point to spontancous autoimmune GCs as the likely source of
auto-Ab—producing B cells. First, ANAs from lupus patients
exhibit evidence of activation-induced cytidine deaminase
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(AID)-mediated somatic hypermutation (SHM) and class-
switch recombination (CSR; Wellmann et al., 2005). Second,
in mouse lupus models, a loss of auto-Abs after B cell-intrinsic
MyD88 or TLR7 deletion is accompanied by a lack of spon-
taneous GCs (Becker-Herman et al., 2011; Teichmann et al.,
2013; Hua et al., 2014; Jackson et al., 2014). Finally, ectopic
GCs are frequently observed within inflamed target tissues,
including kidneys from lupus nephritis patients (Aloisi and
Pujol-Borrell, 2006;Vinuesa et al., 2009).

In this context, the Wiskott-Aldrich syndrome (WAS)
chimera model of B cell-driven autoimmunity has provided
important insights into the dysregulated B cell-intrinsic sig-
nals required for the generation of spontaneous autoimmune
GCs (Becker-Herman et al., 2011; Jackson et al., 2014). In
this model, B cells, but not other immune lineages, are defi-
cient in the signaling adapter WAS protein. In the absence of
WAS protein, B cells are modestly hyperresponsive to both
B cell receptor (BCR) and TLR signals, resulting in sponta-
neous B cell-driven humoral autoimmunity characterized by
spontaneous GCs, class-switched Abs, and immune complex
glomerulonephritis. We recently used this model to show that
B cell, and not myeloid, signals explain the opposing patho-
genic and protective effects of TLR7 and TLR9 in systemic
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autoimmunity (Jackson et al., 2014), a finding that both con-
firmed the critical importance of dysregulated B cell signals
in SLE and demonstrated the utility of this model in delineat-
ing B cell-intrinsic mechanisms in autoimmune pathogenesis.

IFNs are a family of inflammatory cytokines with im-
portant functions during pathogen infections. Both type 1
(IFN-a, -, -¢, and -m) and type 2 (IFN-y) IFNs have been
implicated in autoimmune pathogenesis in both human and
animal studies (Baechler et al., 2003; Bennett et al., 2003;
Kirou et al., 2005; Pollard et al., 2013). Although dysregu-
lated type 1 IFN signals are clearly associated with SLE in
humans, the relative importance of type 1 versus type 2 IFNs
in driving B cell activation during spontaneous humoral au-
toimmunity has not been addressed. In this study, we dissect
the B cell-intrinsic impacts of type 1 IFN and IFN-y in lupus
pathogenesis. Surprisingly, despite prominent effects of type
1 IFN on B cell activation in vitro, a lack of B cell type 1
IFN receptor (IFNAR) signals exerted minimal impacts on
humoral autoimmunity in WAS chimeras. In contrast, WAS
chimera autoimmunity was characterized by a marked expan-
sion of IFN-y—producing CD4" T cells that was dependent
on B cell antigen presentation in the context of MHC class
IT (MHCII). Strikingly, B cell-intrinsic deletion of the IFN-y
receptor (IFN-yR) abolished spontaneous autoimmune GCs
and class-switched auto-Ab production. Although IFN-y—
mediated, B cell-intrinsic up-regulation of the T-box tran-
scription factor T-bet was required for CSR to pathogenic Ig
isotypes, T-bet deletion had no impact on spontaneous GC
development. Instead, using in vitro studies with both mouse
and human B cells, we demonstrate that IFN-yR signaling,
in combination with integrated BCR, TLR, and/or CD40
signals, mediates high-level B cell lymphoma 6 protein (BCL-
6) expression, thereby orchestrating a cell-intrinsic program
required for B cell autoimmune GC formation.

RESULTS

B cell-intrinsic type 1 IFN receptor signals enhance, but
are not required for, SLE development

A prominent subset of lupus patients exhibits an IFN gene
signature implicating type 1 IFN in lupus pathogenesis (Bae-
chler et al.,2003; Bennett et al., 2003; Kirou et al., 2005). For
this reason, we sought to determine whether diseased WAS
chimera animals (Becker-Herman et al., 2011; Jackson et
al., 2014) might manifest a similar transcriptional signature.
Relative to WT chimera controls, splenocytes from WAS
chimeras exhibited higher mRNA expression of several
IFN-stimulated genes (Fig. 1 A). In addition, WAS chimeras
developed a marked expansion of splenic plasmacytoid DCs,
the major cellular source for type 1 IFN (Fig. 1 B).To model
whether type 1 IFN likely exerts B cell-intrinsic impacts on
spontaneous GCs in vivo, we stimulated B cells in vitro with
anti-IgM, the TLR7 agonist R848, and anti-CD40 with
or without exogenous IFN-f. Combined BCR-, TLR7-,
and CD40-mediated signals synergized to promote B cell
proliferation, and the subset of proliferating B cells bound
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peanut agglutinin (PNA) and expressed intranuclear AID,
consistent with the adoption of an in vitro GC phenotype
(Fig. 1 C). Exogenous IFN-f enhanced B cell proliferation
and PNA binding (Fig. 1, D and E). In addition, type 1
IFN receptor—deficient (Ifnar™") B cells showed decreased
activation even in the absence of exogenous IFN-f, which
is likely explained by lower TLR7 expression in Ifnar™’~ B
cells (Fig. 1 F; Green et al., 2009).

Together, these data suggested that B cell-intrinsic
IFNAR signals likely promote humoral autoimmunity. To
directly test this idea, we generated WAS B cell chimeras
in which Ifnar deletion was limited to the B cell compart-
ment by reconstituting lethally irradiated B cell-deficient
(uMT) recipients with 20% WT, Was™"~, or Was™"~.Ifnar™"~
BM together with 80% uMT BM. Surprisingly, B cell Ifnar
deletion did not alter anti—double-stranded DNA (dsDINA)
or Sm/RNP IgG auto-Abs (Fig. 1, G and H), nor titers
of IgG2c subclass auto-Abs previously demonstrated to
be critical for autoimmunity in this model (Jackson et al.,
2014).This lack of impact on Sm/RINP Abs was particularly
surprising because type 1 IFN promotes TLR7-dependent
B cell activation (Fig. 1, D and E; Green et al., 2009) and
B cell-intrinsic TLR 7 signals are required for the generation
of RNA-associated auto-Abs (Jackson et al., 2014). Consis-
tent with auto-Ab titers, B cell IFINAR signals also exerted
no impact on splenomegaly or CD4* T cell/myeloid expan-
sion (Fig. 1,1 and J). Despite prominent in vitro effects of
type 1 IFN, B cell-intrinsic Ifnar-deficient WAS chimeras
developed robust splenic GCs, as reflected by FACS anal-
ysis and immunofluorescence (IF) staining (Fig. 1, K and
L). Consistent with a lack of type 1 IFN impact on B cell
activation, CD4" effector/memory (EM) populations and
follicular T helper cells (Tth cells) were equally expanded
with or without B cell Ifnar expression (Fig. 1 M). Finally,
B cell-intrinsic ifnar deletion did not prevent immune com-
plex glomerulonephritis (Fig. 1 N).

Lack of any impact of B cell IFNAR signals on the
development of autoimmunity was surprising given human
data implicating type 1 IFN gene signature in SLE pathogen-
esis (Baechler et al., 2003; Bennett et al., 2003; Kirou et al.,
2005), the amelioration of autoimmunity by global Ifnar de-
letion in other mouse lupus models (Kiefer et al., 2012), and
the prominent impacts of type 1 IFN on B cell activation in
vitro. For this reason, we hypothesized that B cell-intrinsic
IFNAR signals may accelerate the kinetics of auto-Ab de-
velopment without being required for their generation. To
test this hypothesis, we established independent cohorts of
Was™~ and Was™".Ifnar”’~ B cell chimeras and measured
anti-Sm/RINP auto-Ab titers at 4, 8, 12, and 24 wk after
transplantation. Because auto-Ab development in the WAS
model is a stochastic process with an increasing propor-
tion of chimeric mice developing high titer auto-Abs over
time, we defined Sm/RNP positivity as an ELISA optical
density greater than a predefined cutoff. Notably, B cell-
intrinsic IFNAR signals accelerated the kinetics of Sm/RINP
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B cell-intrinsic IFNAR signals are not required for the development of humoral autoimmunity. (A) IFN-stimulated gene mRNA transcripts
(fold change vs. WT chimera) in splenocytes from two or more independent chimeras. (B) Total splenic plasmacytoid DCs (pDCs) in WT (n = 5) and Was™~ (n=9)
mice from three independent chimeras. (C) Representative histograms. (Left) Gating of proliferated versus unproliferated subsets (assessed by Cell Trace dilution)
in WT B cells stimulated with anti-lgM, R848, and IFN-p. (Middle) Relative surface PNA binding. (Right) AID expression in proliferated (red) versus unproliferated
(blue) B cells. The gray histogram indicates unstimulated B cells. (D and E) Proliferation (D) and PNA binding (E) in splenic WT and /fnar™~ B cells stimulated with
the indicated combinations of anti-lgM, R848, anti-CD40, and IFN-p. (F) TIr7 mRNA transcripts in sorted WT versus Ifnar™~ follicular mature (FM) and marginal



auto-Ab development, a finding that was reproducible in
four independent Was™"~ or Was™"~.Ifnar™’~ cohorts (Fig. 2,
A and B). However, the impact of B cell IFNAR signals
on the rate of RNA-associated auto-Ab development was
modest, with a significant increase in Sm/RNP IgG2c" only
at 8 wk after transplantation. We also sacrificed and evalu-
ated separate cohorts of Was™~ and Was™".Ifnar’~ B cell
chimeras at an earlier time point after transplantation (i.e.,
12 instead of 24 wk). Similar to the impact on early auto-Ab
titers, a lack of B cell IFNAR signaling delayed the devel-
opment of splenomegaly, with a trend toward decreased Tth
cells and GC B cells at this early time point (Fig. 2 C).

In summary, B cell-intrinsic deletion of the type 1 IFN
receptor modestly decreased the rate of RINA-associated auto-
Ab development, a finding that correlates with a slight delay
in the development of splenic immune activation. However,
despite clinical evidence implicating type 1 IFN in the patho-
genesis of humoral autoimmunity, B cell-driven autoimmu-
nity can develop in the absence of B cell IFNAR signals.

B cell antigen presentation promotes T cell
activation in mouse lupus
Humoral autoimmunity in the absence of B cell-intrinsic
IFNAR signals suggested that alternate cytokines might pro-
mote B cell activation in this model. Because CD4" T cells
are required for autoimmunity in the WAS chimera model
(Becker-Herman et al., 2011), we hypothesized that CD4-
derived cytokines might promote spontaneous autoimmune
GCs. Although mouse lupus models driven by dysregulated
B cell signals are frequently characterized by the expansion
of activated CD4" T cells (Becker-Herman et al., 2011; Dai
et al., 2013; Lamagna et al., 2014), the mechanisms whereby
B cells drive T cell activation during humoral autoimmunity
have not been addressed. In addition to Ab formation, B cells
present antigens to CD4™ T cells in the context of MHCII,
implicating B cell APC function in directly initiating breaks
in'T cell tolerance (Shlomchik, 2009; Jackson et al., 2015).
To test this idea, we generated WAS chimeras wherein
all B cells lacked MHCII, whereas other myeloid APCs, in-
cluding DCs, express MHCII. Strikingly, whereas IgM auto-
Abs were only modestly affected, IgG and IgG2c subclass
anti-dsDNA and Sm/RNP auto-Abs were abolished by B
cell-intrinsic MCHII deletion (Fig. 3, A and B). Notably,
this observation is consistent with a recent description of
decreased serum auto-Abs in CD19" MhcIl" mice on the

lupus-prone MRL.Fas?" background (Giles et al., 2015). Al-
though this previous study reported differing dependence of
specific auto-Ab specificities on B cell MHCII expression,
we observed a loss of both DNA- and RINA-associated 1gG
auto-Abs, a discrepancy possibly explained by incomplete
Cre-mediated deletion of MHCII on B cells in the MRL.
Fas’" model (Giles et al., 2015).

In parallel with the loss of class-switched auto-Abs, the
deletion of B cell MHCII was also sufficient to prevent sple-
nomegaly and myeloid hyperplasia without affecting total B
cell numbers (Fig. 3, C and D; and not depicted). In keeping
with a role for B cell APC function in initiating T cell acti-
vation, CD4" T cell expansion was markedly decreased in B
cell MhcIT™~ chimeras, a finding accounted for by the loss
of activated EM T cells (Fig. 3, D—F). In addition, the gener-
ation of Tth cells necessary for GC formation also required
B cell MHCII (Fig. 3 G). Within the GCs, B cells prolif-
erate and undergo SHM in the dark zone (DZ) and pres-
ent captured antigens to cognate Tth cells via MHCII in the
light zone (Victora and Nussenzweig, 2012). In keeping with
the importance of MHCII in this process, spontaneous GCs
were markedly decreased in the absence of B cell MHCII
expression (Fig. 3 H). Interestingly, a small subset of Mhcll™/~
B cells adopted a PNA'FAS™ GC phenotype. However, in
the absence of B cell MHCII, the proportion of GC B cells
within the DZ was diminished (Fig. 3 1), consistent with the
demonstration that DZ B cell proliferation is directly propor-
tional to the amount of MHCII-bound antigens presented to
Tth cells within the light zone (Gitlin et al., 2014).

Together, these data demonstrate the critical importance
of B cell antigen presentation in both initiating T cell activa-
tion and sustaining spontaneous autoimmune GC responses
in the WAS chimera model.

IFN-y promotes autoimmunity in the WAS chimera model

The requirement for B cell antigen presentation in promoting
T cell activation in the WAS chimera model suggested that
B cell-T cell interactions likely facilitated the production of
a critical T cell-derived cytokine that enhanced spontaneous
GC responses. For this reason, we quantified ex vivo cytokine
production by CD4" T cells from diseased WAS chimeras.
We noted prominent expansion of IFN-y"CD4" T cells but
no evidence for IL-4, IL-17A, or TNF production (Fig. 4 A
and not depicted). Importantly, B cell MHCII deletion mark-
edly decreased the number of IFN-y"CD4" T cells, confirm-

zone (MZ) B cells (fold change vs. WT FM; TIr7~/~ is shown as a negative control). (G and H) Anti-dsDNA (G) and anti-Sm/RNP (H) IgG and IgG2c auto-Ab in WT
(white), Was™~ (black), and B cell Ifnar”’~ Was™~ (gray) chimeras at 12 (G) and 24 (H) wk after transplantation. (I) Spleen weights. (J) Splenic CD4* T cells and
CD11b*GR1"° monocytes/macrophages. (K) Representative FACS plots (left) and total number (right) of splenic PNA*FAS* GC B cells. (L) Representative splenic
sections stained with B220, PNA, and CD3. (M) Number of splenic naive (CD44°CD62L™) and EM (CD44™CD62L'M) CD4* T cells and PD1*CXCR5* Tfh cells.
(N, left) Representative glomerular IF staining. (Right) Intensity of glomerular IgG, lgG2c, and C3 staining scored from 0 to 3 by two independent blinded ob-
servers. (A, B, and G-N) Data are representative of four independent WT (n = 7), Was™~ (n = 18), and B cell /fnar’~ Was™~ (n = 19) chimeras sacrificed at 24
wk after transplantation. (C-F) Data are representative of two or more independent experiments. Error bars indicate SEM.* P < 0.05; **, P < 0.01; ** P < 0.001;
¥ P <0.0001, by two-tailed Student's t test (A and B), one-way ANOVA followed by Tukey's multiple comparison test (D and E), or by the Kruskal-Wallis one-

way ANOVA (G-N). Bars: (L) 100 pm; (N) 50 um.
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ing that B cell antigen presentation facilitates expansion of
cytokine-producing T cells. B cell-intrinsic deletion of TIr7
prevented, whereas deletion of B cell TIr9 increased, the ex-
pansion of splenic IEN-y"CD4" T cells, a finding consistent
with dual BCR/TLR signals in triggering this process and
the opposing B cell-intrinsic impacts of TLR7 and TLR9 on
disease outcome (Jackson et al., 2014).

These findings suggested that T cell-derived IFN-y
may promote the activation of Was™~ B cells, resulting in
humoral autoimmunity. To test this hypothesis, we first gen-
erated chimeras in which IFN-yR was absent on all cells,
but WAS deficiency was restricted to the B cell compart-
ment, by reconstituting irradiated Ifngr’".uMT recipi-
ents with 20% Was™.Ifngr™’~ and 80% Ifngr’~.uMT BM
(henceforth called global Ifngr’~ WAS chimeras). Con-
sistent with the role for IFN-y in promoting IgG2c¢ CSR
(Snapper and Paul, 1987), global Ifngr deletion abrogated
IgG2c auto-Ab—targeting dsDNA and Sm/RNP (Fig. 4 B).
However, rather than a limited impact on the IgG2c¢ sub-
class, total IgM and IgG auto-Abs were also markedly de-
creased in global Ifngr™'~ WAS chimeras, suggesting that the
lack of IFN-y exerts a broader impact on the development
of humoral autoimmunity.

JEM Vol. 213, No. 5

Bl Was™ chimera
M B cell /fnar” Was™ chimera

In keeping with a proinflammatory role for IFN-y in
humoral autoimmunity, global IFN-yR deletion decreased
splenomegaly by limiting the expansion of CD4" T cells,
monocyte/macrophages, and neutrophils (Fig. 4, C and D).
IFN-yR deletion also abrogated the formation of sponta-
neous GCs, an observation consistent with a lack of class-
switched IgG auto-Abs across IgG subclasses (Fig. 4, E-G).
In parallel with decreased B cell activation, IFN-yR deletion
also limited CD4" T cell activation, as indicated by signifi-
cantly decreased activated CD4" EM subsets and a loss of
Tth cells (Fig. 4, H-]).

Together, these data demonstrate that IFN-y exerts
multiple impacts on the development of humoral autoim-
munity in the WAS chimera model, including the produc-
tion of class-switched auto-Abs, B cell activation and the
development of spontaneous GCs, and expansion of acti-
vated CD4" EM and Tth cell subsets.

B cell-intrinsic IFN-yR deletion is sufficient to abrogate
autoimmune GC formation

Decreased autoimmunity in Ifngr™’~ WAS chimeras is
consistent with previous studies demonstrating a role for
IFN-yR in disease development in the MRL" NZB/W,
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and Roquin mouse lupus models (Haas et al., 1997;
Schwarting et al., 1998; Lee et al., 2012). However, with
the exception of the Roquin***" model, where autoim-
munity is promoted via IFN-y—mediated expansion of
Tth cells (Lee et al., 2012), the cellular targets of IFN-y-
driven autoimmunity are unknown. For this reason, we
examined the cell-intrinsic impacts of IFN-y on hu-
moral autoimmunity using independent mixed BM chi-
mera models. First, we generated chimeras in which Was
and Ifngr deficiency was limited to the B cell compart-
ment (20% Was™".Ifngr’~ and 80% Ifngr’””*.uMT BM
into irradiated Ifngr””".uMT recipients [B cell-intrinsic
Ifagr’~ WAS chimeras]). Of note, despite the transfer of
20% Was™".Ifngr’~ BM, CD4" T cells in these chime-
ras were overwhelmingly WT (>97%), consistent with the
selective advantage of WT versus Was™~ T cells (Becker-
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Herman et al., 2011). In parallel, we generated chimeras
with Was-deficient, but Ifngr-sufficient, B cells, whereas
the majority of CD4" T cells and myeloid cells were Was
positive and Ifngr null (20% Was™~ and 80% Ifngr™~.uMT
BM into irradiated Ifngr™~.uMT recipients [non—B cell
Ifngr~’~ WAS chimeras]).

Strikingly, B cell-intrinsic deletion of IFN-yR abro-
gated class-switched auto-Abs against the nuclear antigens
dsDNA and Sm/RNP (Fig. 4 B). Although the reduction in
IgG2c Abs was anticipated based on a previous study (Snapper
and Paul, 1987), the complete absence of IgG auto-Abs mir-
rored the phenotype of global Ifngr™’~ WAS chimeras. Tm-
portantly, these impacts of IFN-y were specific to auto-Abs
because the deletion of IFN-yR, whether globally or intrinsic
to B cells, exerted minimal impacts on total serum IgM, IgG,
or IgG2c levels (Fig. 4 K).
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In parallel with a loss of class-switched auto-Abs, B cell-
intrinsic IFN-yR deletion decreased splenomegaly and lim-
ited the expansion of CD4" T cell and myeloid subsets to a
similar extent as global Ifngr~’~ WAS chimeras (Fig. 4, C and
D). Most notably, deletion of IFIN-yR abrogated spontaneous
GCs as shown by absent splenic PNA*FAS™ B cells and a lack
of PNA" GCs by splenic IF staining (Fig. 4, E-G). In parallel
with a loss of spontaneous GCs, splenic Tth cells and activated
CD4" EM subsets were markedly decreased in B cell-intrinsic
Ifngr~~ WAS chimeras (Fig. 4, H-]).

In parallel with a loss of auto-Abs, B cell-intrinsic
Ifngr’~ WAS chimeras were protected from the develop-
ment of lupus nephritis (Fig. 5 A). Consistent with prior
work (Jackson et al., 2014), although glomerular IgG depo-
sition was similar between experimental groups (Fig. 5 B),
both global and B cell-intrinsic IFN-yR deletion limited the
deposition of the pathogenic IgG2c subclass and decreased
complement component C3 activation (Fig. 5, C and D).

Similar to the B cell-intrinsic role for IFN-yR signals in
the generation of autoimmune GCs, deletion of IFN-yR on
non-B cells also decreased systemic inflammation. Although
spleen weights were not significantly altered, CD4" T cell,
monocyte/macrophage, and neutrophil expansion was lim-
ited in non-B cell Ifngr = WAS chimeras (Fig. 5, E and F).
As predicted by the role for IFN-y in driving T cell activation
during humoral autoimmunity (Lee et al., 2012), the lack of
IFN-yR onT cells prevented expansion of CD4" EM subsets
in WAS chimeras (Fig. 5 G). In parallel with absent T cell
activation, the number of GC B cells was markedly decreased
in non-B cell Ifngr’~ WAS chimeras despite intact B cell
IFN-yR signaling in this model (Fig. 5 H).

Importantly, in contrast to the impact on autoim-
mune GC responses, T cell-dependent IgG and IgG2c¢ Ab
responses to QP virus-like particle (VLP) immunization
(Hou et al., 2011) was not impacted by IFN-yR deletion
(Fig. 5 I). Similarly, Ifngr-deficient mice developed robust
GC responses after QBVLP or sheep RBC (SRBC) immuni-
zation (Fig. 5,] and K).

Thus, IFN-y exerts a B cell-ntrinsic impact on GC
formation and on class-switched auto-Ab production that is
context specific during the pathogenesis of humoral auto-
immunity. Together, these data highlight a novel mechanism
whereby IFN-y promotes humoral autoimmunity via recip-
rocal regulation of B and T cell activation. Strikingly, in a
mouse lupus model driven by dysregulated B cells, B cell-
intrinsic IFN-YR deletion prevents systemic autoimmunity by
abrogating the formation of spontaneous autoimmune GCs.

B cell IFN-y production is not required for the development
of spontaneous autoimmune GCs

In addition to auto-Ab production, B cells can impact auto-
immune pathogenesis via the production of cytokines (Lund,
2008). Although B cell production of regulatory cytokines
(including IL-10, IL-35, and TGF-f) has been shown to limit
autoimmunity in several mouse models (Lund, 2008; Shen et
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al., 2014), to our knowledge, no prior studies have evaluated
the role for B cell-derived effector cytokines in driving SLE.
To test whether B cell-derived effector cytokines may impact
autoimmunity, we first quantified B cell cytokine production
by intracellular cytokine staining of splenic B cells from dis-
eased WAS chimeras. Notably, whereas significant B cell IL-4,
IL-10, and IL-17A production was not observed (not de-
picted), a prominent subset of Was™'~ B cells produced IFN-y
(Fig. 6 A). In addition, IFN-y"CD19" B cells were markedly
expanded by B cell-intrinsic TLR9 deletion but lost with B
cell TLR7 deletion, correlating with opposing impacts of B
cell TLR7 and TLRY signals in autoimmunity (Jackson et
al., 2014). Notably, the majority of IFN-y—producing B cells
were B220°CD138" plasmablasts/plasma cells, not GL7* GC
B cells (Fig. 6 B), consistent with prior descriptions of plasma
cells comprising the major cytokine-producing B cell sub-
set (Dang et al., 2014).

To test whether B cell-derived IFN-y directly im-
pacts humoral autoimmunity, we generated WAS chimeras
in which B cells were unable to produce IFN-y. Whereas
deletion of B cell IFN-yR abrogated serum auto-Abs, class-
switched auto-Abs against dSDNA and Sm/RNP developed
in the absence of B cell-derived IFN-y (Fig. 6, C and D).
In addition, B cell IFN-y—deficient WAS chimeras devel-
oped marked splenomegaly with splenic CD4" T cells and
myeloid expansion (Fig. 6, E-G). Furthermore, the lack of B
cell IFN-y did not prevent the development of spontaneous
autoimmune GCs (Fig. 6 H). In summary, although we ob-
served an expansion of I[FN-y—producing B cells in autoim-
mune WAS chimeras, B cell-derived IFN-y was not required
for auto-Ab production or development of spontaneous GCs,
indicating that other cellular IFN-y sources can compensate
for the lack of B cell-derived IFN-y.

T-bet promotes B cell-intrinsic IgG2c CSR but is not
required for IFN-y—driven spontaneous GCs

The Thl cell-defining transcription factor T-bet (encoded
by Tbx21) promotes B cell CSR to IgG2c¢ and is required
for the generation of IgG2¢* memory B cells (Peng et al.,
2002; Gerth et al., 2003; Wang et al., 2012). Although B cell
T-bet enhances viral clearance via the production of protec-
tive IgG2¢ Abs (Rubtsova et al., 2013), the importance of B
cell-intrinsic T-bet in the pathogenesis of autoimmunity is
unknown. Because both type 1 IFNs and IFN-y have been
demonstrated to induce B cell T-bet (de Goér de Herve et al.,
2011; Rubtsova et al., 2013) but are differentially required for
the development of spontaneous GCs in the WAS model, we
compared the impact of IFN-f and IFN-y on B cell T-bet
expression at cytokine doses that equivalently enhanced B
cell proliferation and PNA binding. Notably, although IFN-3
up-regulated T-bet expression relative to media controls,
IFN-y induced a significantly greater increase in B cell T-bet
expression (Fig. 7,A and B), a finding consistent with recently
described synergistic roles for BCR, TLR7, and IFN-y in B
cell T-bet up-regulation (Rubtsova et al., 2013). Consistent
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munity. (A) Percentage IFN-y* B cells (gated on CD19%) in WT, Was™~, and
B cell-intrinsic TIr7~ and TIrg™~ chimeras. (B) Representative flow plots
demonstrating expression of the plasma cell marker, CD138, but not the GC
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with these in vitro data, we also observed increased in vivo
T-bet expression in GC B cells from diseased WAS chime-
ras (Fig. 7 C). Together, these data demonstrate that IFN-y
promotes B cell-intrinsic up-regulation of T-bet and identify
T-bet as a potential transcription factor promoting IFN-y—
driven autoimmune GCs.

To test this hypothesis, we generated WAS chimeras in
which only B cells lacked T-bet. As predicted by prior studies
(Peng et al., 2002; Gerth et al., 2003), B cell-intrinsic T-bet
deletion abrogated IgG2c¢" auto-Abs. However, in contrast
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with the lack of auto-Abs in the absence of B cell IFN-yR
signals, similar titers of anti-dsDNA and Sm/RNP IgG and
IgG2b Abs developed in B cell Tbx217"~ WAS versus WAS
chimeras (Fig. 7 D), and, interestingly, IgM auto-Abs were
increased in the setting of B cell T-bet deletion. Similarly,
whereas B cell IFN-yR deletion prevented splenomegaly, the
lack of B cell T-bet did not impact spleen size or CD4" T cell
and myeloid expansion in WAS chimeras (Fig. 7, E and F; and
not depicted). T-bet—deficient chimeras also developed prom-
inent spontaneous GCs with increased splenic PNA*FAS" B
cells and Tth cells (Fig. 7, G and H) and prominent PNA™
GCs by splenic IF staining (Fig. 7 I). Therefore, B cell-in-
trinsic T-bet expression has no impact on the formation of
autoimmune GCs but specifically impacts CSR to patho-
genic auto-Ab subclasses.

IFN-YR synergizes with BCR, TLR, and CD40 signals to up-
reqgulate BCL-6 in B cells

The aforementioned findings implied that IFN-yR signaling
exerts a critical T-bet—independent impact on B cell activation
and autoimmune GC formation. In an attempt to identify this
program, we modeled initial B cell activation in vitro by stim-
ulating WT, Thx217"", and Ifngr~"~ B cells with anti-IgM and
R848 with and without IFN-y. In vitro—stimulated mouse B
cells adopted a GC phenotype as indicated by PNA binding
as well as increased surface IL-21 receptor and AID expres-
sion (Fig. 8, A and B; and not depicted). Consistent with our
in vivo data, IFN-y increased PNA binding on BCR/TLR7-
stimulated B cells in a manner that was dependent on IFN-yR,
but not impacted by deletion of T-bet.

The transcription factor BCL-6 is a master regulator of
GC B cell and Tth cell development (Bunting and Melnick,
2013). Thus, we hypothesized that IFN-y might promote
autoimmune GCs via B cell-intrinsic induction of BCL-6.
Strikingly, although IFN-y did not alter BCL-6 levels in
resting cells, exogenous IFN-y synergized with BCR and
TLR7 signals to markedly increase BCL-6 in activated WT
and Tbx21~'~, but not in Ifhgr'/', B cells (Fig. 8, C and D).
Although BCL-6 levels were higher in stimulated PNAP®
versus PNA"® B cells, the increase in BCL-6 was not ex-
plained by IFN-y—mediated expansion of GC-like B cells.
Instead, exogenous IFN-y specifically increased BCL-6 lev-
els in PNAP B cells in response to anti-IgM and R848
stimulation (Fig. 8 E).

Activated B cells produce cytokines, including the
proinflammatory cytokine IL-6 (Barr et al., 2012;Yehudai et
al., 2012). Because IL-6 promotes Tth cell development via
induction of BCL-6 (Nurieva et al.,2009; Ma et al., 2012), we
tested whether IFN-y might promote BCL-6 expression via
an indirect, IL-6-dependent, mechanism. Importantly, stim-
ulated WT and IL-6 null exhibited equivalent BCL-6 up-
regulation, indicating that IL-6 signals did not impact these
in vitro events (Fig. 8 F). Furthermore, to assess whether
other B cell-derived cytokines might indirectly influence
BCL-6 expression, we established co-cultures of congenically
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marked WT and Ifngr™”™ B cells and stimulated these cell
mixtures with anti-IgM, R848, and IFN-y. Notably, IFN-y

Importantly, similar to our finding in mouse cells,
IFN-y also promoted a GC phenotype in IgM, TLR7,and/or

specifically increased BCL-6 expression only in stimulated
WT B cells in these co-cultures (Fig. 8, G and H). Therefore,
IFN-yR signaling synergizes with dual BCR and TLR 7sig-
nals to promote BCL-6 expression via a direct cell-intrinsic
mechanism in mouse B cells.

JEM Vol. 213, No. 5

CD40L stimulated primary human B cells. After 72-h in vitro
stimulation, IFN-y treatment significantly increased the pro-
portion of CD38"'CD27~ human B cells (Fig. 9, A and B),
corresponding to an early GC phenotype (Jung et al., 2000).
In addition, exogenous IFN-y increased expression of the
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GC-marker FAS on BCR/TLR7-stimulated human B cells
(Fig. 9 C). Importantly, whereas IFN-yR expression levels
were low on unstimulated B cells, surface IFN-yR levels
were increased on the CD38"CD27~ GC subset after stim-
ulation, implicating feed-forward mechanisms for IFN-y in
human GC responses (Fig. 9 D). Most notably, IFN-y also
synergized with BCR-, TLR7- and CD40-mediated signals
to increase BCL-6 expression in activated primary human B
cells (Fig. 9 E). Thus, IFN-y synergizes with B cell activation
signals to promote a GC phenotype and to increase BCL-6
expression in both mouse and human B cells.

The IFN-yR is composed of two subunits, [IFNGR 1
and IFNGR2, which associate with JAK1 and 2, respectively
(Platanias, 2005). To test the requirement for JAK family ac-
tivation in IFN-y—mediated BCL-6 expression in B cells, we
treated stimulated mouse and human B cells with ruxolitinib,
a JAK1/JAK2 inhibitor approved for treatment of myelofi-
brosis (Verstovsek et al., 2012), or tofacitinib, a JAK1/JAK3
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inhibitor approved in rheumatoid arthritis (Fig. 9, F-I; Lee
et al., 2014). Notably, ruxolitinib blocked IFN-y—mediated
increases in BCL-6 expression and limited PNA binding in
mouse B cells without impacting B cell survival (Fig. 9, F
and G; and not depicted), whereas tofacitinib partially in-
hibited these effects, consistent with limiting JAK1, but not
JAK?2, signals. Similarly, ruxolitinib and tofacitinib com-
pletely or partially blocked the IFN-y-mediated expansion of
CD38°CD27~ GC B cells in human B cell cultures, respec-
tively (Fig. 9 H). Strikingly, consistent with findings in mouse
B cells, IFN-y—dependent BCL-6 up-regulation in human B
cells was abolished by ruxolitinib (Fig. 9 I).

Together, these data highlight the novel observation that
IFN-yR synergizes with BCR-, TLR -, and CD40-dependent
signals to directly enhance BCL-6 expression in mouse and
human B cells, a finding that provides a mechanistic explana-
tion for loss of spontaneous autoimmune GCs in the absence
of B cell-intrinsic IFN-yR expression.

B cell IFN-yR signals in autoimmune germinal centers | Jackson et al.
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Figure 9.

IFN-y synergizes with BCR-, TLR7-, and CD40-dependent signals to promote a GC phenotype and BCL-6 expression in primary

human B cells, and JAK1/2 inhibitors block these events. (A) Representative FACS plots showing IFN-y-mediated expansion of the CD38*CD27~ subset
in stimulated primary human B cells. Numbers equal the percentages in the CD38*CD27~ gate. (B) Percentage of CD38"CD27~ B cells from independent
donors stimulated with anti-lgM, R848, anti-CD40, and/or IFN-y. (C) Overlaid histograms of surface FAS expression in human B cells stimulated with media,
anti-lgM/R848, and anti-lgM/R848/IFN-y. (D) Surface IFN-yR mean fluorescence intensity (MFI) in unstimulated versus anti-lgM/R848-stimulated human
B cells gated on either total B cells (CD19*) or the CD38*CD27~ subset (GC). (E) BCL-6 mean fluorescence intensity in stimulated human B cells. (F) Repre-
sentative overlaid histogram of BCL-6 expression in mouse B cells stimulated as indicated and co-cultured with or without the JAK1/2 inhibitor, ruxolitinib
(Rux; 500 nM). (G) BCL-6 mean fluorescence intensity in stimulated mouse B cells treated with or without the JAK inhibitors, Rux or tofacitinib (Tof; 500 nM).
(H) Percentage of the CD38CD27~ GC phenotype of human B cells + indicated concentrations of ruxolitinib or tofacitinib. (G and H) Error bars indicate SEM.
(I) BCL-6 mean fluorescence intensity in human B cells stimulated + 500 nM ruxolitinib (gated on CD38*CD27~ GC B cells). (B, E, and 1) Data are shown as
a paired analysis of different stimulation conditions from individual human donors. (B, D, E, and G-I) * P < 0.05;**, P < 0.01; **, P < 0.001; ***, P < 0.0001,
by paired two-tailed Student's t test (B, E, and 1) or one-way ANOVA followed by Tukey's multiple comparison test (D, G, and H). Data are representative of

two or more independent experiments.

DISCUSSION

IFN proteins exert pleiotropic effects during bacterial and
viral infections. The IFN family comprises three major sub-
types: type 1 (IFN-a, -B, -€, and -m), type 2 (IFN-y), and type
3 (IFN-A1, -A2, and -A3) IFN. In addition to physiological
roles during infection, dysregulated IFN, in particular type 1
IFN, signals have been implicated in the development of au-
toimmunity. For example, a significant subset of SLE patients
expresses a peripheral blood mononuclear cell type 1 IFN
gene signature that correlates with disease severity (Baechler
et al., 2003; Bennett et al., 2003; Kirou et al., 2005). Several
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human genetic polymorphisms within the type 1 IFN re-
ceptor signaling pathway, including variants within IRF5 and
STAT4, are associated with increased lupus risk (Deng and
Tsao, 2010). In addition, deletion of the type 1 IFN receptor,
IFNAR, ameliorates disease in several mouse lupus models,
although autoimmunity is notably exacerbated in Ifnar™’~
MRL. Fas® mice (Kiefer et al., 2012).

IFN-y has also been implicated in SLE in both mouse
and human studies. Elevated serum IFN-y levels are observed
in SLE patients (Pollard et al., 2013), and overexpression of
IFN-y is sufficient to promote positive ANAs and immune
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complex glomerulonephritis in transgenic mice (Seery et al.,
1997). In addition, genetic or therapeutic targeting of IFN-y
abrogates autoimmunity in models of spontaneous or induced
autoimmunity, including the NZB/NZW F1, MRL.Fas™,
and pristane mouse lupus models (Pollard et al., 2013). In
this context, it is notable that significant overlap exists be-
tween genes regulated by type 1 and type 2 IFNs, suggesting
a potentially important contribution of IFN-y to the lupus
IFN gene signature (Hertzog et al., 2011; Pollard et al., 2013).
Consistent with this observation, clinical treatment with both
IFN-a (type 1 IFN) and IFN-y has been associated with the
development of de novo SLE.These overlapping and, at times,
contradictory roles for type 1 IFN and IFN-y in lupus patho-
genesis prompted us to dissect the cell-intrinsic impacts of
these effector cytokines in humoral autoimmunity.

Mechanistically, type 1 IFNs are proposed to propagate
an inflammatory feed-forward loop in which nucleic acid—
containing immune complexes drive TLR7/TLR 9-dependent
type 1 IFN production by plasmacytoid DCs, resulting in en-
hanced autoantigen presentation and further activation of au-
toreactive B cells (Hall and Rosen, 2010). Because B cell TLR7
signals are required for spontaneous GCs in the WAS model
(Jackson et al., 2014) and type 1 IFN enhanced TLR7-depen-
dent B cell activation in vitro, we predicted that B cell-specific
IFNAR deletion would similarly attenuate auto-Ab produc-
tion and limit systemic autoimmunity in this model. Surpris-
ingly, WAS chimeras developed prominent spontaneous GCs
and high-titer class-switched auto-Abs, including IgG2c¢ auto-
Abs against RNA-associated autoantigens, that were unaf-
fected by B cell-intrinsic Ifnar deletion, and a lack of B cell
IFNAR signals only modestly delayed the kinetics of disease
development. Although type 1 IFN may exert additional im-
pacts on non—B cell lineages in this model, these findings sug-
gested that alternative cytokine effectors are required to drive
B cell activation in lupus.

Because B cell antigen presentation to CD4"™ T cells
in the context of MHCII initiates the expansion of I[FN-y—
producing CD4" T cells, we evaluated the impact of IFN-y
on the development of autoimmunity. Consistent with prior
models (Haas et al., 1997; Schwarting et al., 1998; Lee et al.,
2012), the development of systemic autoimmunity was abro-
gated in global Ifngr™~ WAS chimeras. A previous study using
Roquin™"*" lupus-prone mice, in which IFN-y promotes a
T cell-intrinsic expansion of Tth cells, suggested that CD4"
T cells are the major targets of IFN-y action during autoim-
mune pathogenesis (Lee et al., 2012). Although complicated
by variable IFN-yR chimerism in the myeloid compartment,
our non—B cell Ifagr’~ WAS chimeras lend support to this
model because the lack of IFN-yR on CD4" T cells severely
limited the development of spontaneous GCs.

Unexpectedly, B cell-intrinsic IFN-yR deletion abro-
gated the development of systemic autoimmunity. Because
IFN-7y has previously been shown to promote [gG2¢c CSR, we
initially predicted a limited impact of B cell-intrinsic IFN-yR.
deletion on the development of specific class-switched au-
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to-Ab subclasses. In contrast, a lack of B cell IFN-yR sig-
nals markedly decreased all auto-Ab isotypes by eliminating
spontaneous GCs. Although the role of B cell IFN-yR sig-
nals in human SLE has not yet been addressed, these data
demonstrate that, in a mouse lupus model, IFN-y drives au-
toimmune GCs via the reciprocal cell-intrinsic induction
of Tth cells and GC B cells. Surprisingly, although activated
B cells from diseased WAS chimeras also produced IFN-y, B
cell-derived IFN-y was redundant for the establishment of
systemic autoimmunity. B cell cytokines have been shown to
either promote or limit inflammatory responses after infec-
tious challenges and during autoimmunity in mouse experi-
mental models (Lund, 2008; Dang et al., 2014). Our findings
demonstrate that the impact of B cell IFN-y production is
context specific and may be redundant in the setting of alter-
nate cytokine-producing immune lineages.

Most notably, our data identify a novel, T-bet—
independent mechanism underlying IFN-y—driven sponta-
neous GCs. IFN-yR signals in B cells markedly up-regulate
expression of the transcription factor T-bet and are required to
promote CSR to the inflammatory IgG2c isotype after viral
infection and during autoimmunity. Thus, these observations
implicated T-bet transcriptional activity as potentially driving
the IFN-y—driven GC response. Surprisingly, although T-bet
was essential for IgG2c¢ auto-Ab CSR, the expansion of auto-
immune GCs was unaffected by B cell-intrinsic T-bet deletion
in WAS chimeras. In contrast, our in vitro studies demonstrate
that IFN-y integrates with BCR-, TLR-, and/or CD40-
dependent signals to promote B cell-intrinsic expression of the
critical transcription factor BCL-6 in both mouse and human
primary B cells. Furthermore, using co-culture and/or genetic
models, we show that IFN-yR signals directly orchestrate this
transcriptional process. BCL-6 is required for the formation of
both Tth cells and GC B cells during a GC response. In B cells,
BCL-6 acts as a transcriptional repressor, inhibiting terminal
B cell differentiation by repressing IRF4 and BLIMP-1 and
limiting the DNA damage response during SHM (Crotty et
al., 2010). BCL-6 is first expressed shortly after antigen en-
gagement and before the formation of established GCs (Ki-
tano et al., 2011). Despite the critical importance of BCL-6 in
GC responses, however, the B cell-intrinsic signals promoting
or sustaining its expression are largely unknown (Basso and
Dalla-Favera, 2012). Unexpectedly, our findings show that
JAK1/2-mediated IFN-yR signals markedly enhance BCL-6
levels after initial B cell activation with BCR, TLR7, and/or
CD40 signals and mediate this effect independently of T-bet,
findings consistent with [IFN-y—dependent, T-bet—independent
spontaneous GC formation in vivo.

Importantly, although B cell IFN-yR signals were re-
quired for autoimmune GCs, global IFN-yR deletion did not
reduce T cell-dependent Ab responses, including anti-VLP
Ab formation. Furthermore, previous work using human
B and T cell co-cultures indicate that rather than driving
GC responses, IFN-yR signals function to partially restrain
Tth cell-induced B cell Ab responses (Niindel et al., 2015).
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Thus, the B cell-intrinsic requirement for IFN-yR signals
in auto-Ab responses appears to reflect the unique setting of
self-antigen—driven dual BCR/TLR B cell activation and
therefore may provide a unique context for therapeutic in-
terventions that might spare protective, T cell-dependent Ab
responses. Consistent with this idea, in vitro treatment with
Food and Drug Administration—approved JAK inhibitors was
sufficient to abolish the IFN-y—mediated increase in BCL-6
expression in both mouse and human B cells. Given the im-
portance of dysregulated B cell activation and spontaneous
GCs in human lupus pathogenesis, our observations implicate
this novel B cell pathway as a potential therapeutic target in
SLE. Collectively, our findings suggest that IFN-yR block-
ade is likely to limit critical B cell-T cell interactions essen-
tial for the induction and/or expansion of autoimmune GC
responses required for SLE and, possibly, in other disorders
characterized by pathogenic auto-Abs.

MATERIALS AND METHODS

Mice. CD45.1 and CD45.2 C57BL/6, uMT, Was, Ifngf/f,
Iﬁigr_/_, Ifhar”’~, Tbx217"~, and MhcII™’~ mice and the rele-
vant mouse crosses were bred and maintained in the specific
pathogen-free animal facility of Seattle Children’s Research
Institute. All animal studies were conducted in accordance
with the Seattle Children’s Research Institute Institutional
Animal Care and Use Committee’s approved protocols.

BM transplantation. BM was harvested from the femora and
tibiae of C57BL/6 (WT), Was™"~, Was™".Ifnar™"~, Was™".
Mhcll™"~, Was™".Itngr™"~, Was™'".Ifng™"~, Was™/~.Tbx217"",
uMT, or Ifngr™"~ . uMT mice. Single-cell suspensions were de-
pleted for CD138" cells (130-098-257; Miltenyi Biotec).
CD138-depleted WT, Was™~, Was™".Ifnar /=, Was/".
Mhcll™~, Was™".Iftngr’=, Was™".Ifng™"~, or Was"".
Thx217"~ donor BM was mixed with pMT or Ifngr"~ . uMT
BM at a 20:80 ratio,and 6 X 10° total BM was injected retro-
orbitally into lethally irradiated (450 cGy X 2 doses) uMT or
Ifngr™~.uMT recipients. Resulting BM chimeras were bled
every 4-8 wk from the posttransplant date by retroorbital
puncture and sacrificed 24-26 wk after transplantation. Data
are representative of at least two independent experimental
cohorts for each chimera.

Abs. Anti-mouse Abs used in this study include B220
(RA3-6B2), CD4 (RM4-5), Thyl.2 (53-2.1), CD138 (281-
2), CXCR5 (2G8), CD86 (GL1), and CXCR4 (2B11/
CXCR4) from BD; CD62L (MEL-14), CD11c (N418), Gr-1
(RB6-8C5), Ly5.1 (A20),Ly5.2 (104), CD11b (M1/70), GL7
(GL-7), PD-1 (J43), AID (mAID-2), T-bet (4B10), MHCII
(M5/114.15.2), IFN-y (XMG1.2), and BCL-6 (BCL-DWN)
from eBioscience; goat anti-mouse IgM-, IgG-, IgG2b-,
and IgG2c-HRP conjugated, unlabeled, or isotype from
SouthernBiotech; CD19 (ID3), CD44 (IM7), CD4 (RM4-
4), and Ly5.2 (104) from BioLegend; PNA (FI-1071) from
Vector Laboratories; and Fas (Jo2) from BD. Anti-human
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Abs used in this study include CD38 (HIT2), BCL-6 (K112-
91), IgG (G18-145), and CD27 (L128) from BD, and Fas
(DX2), CD19 (HIB19), IgM (MHM-88), and CD119
(GIR-208) from BioLegend.

Flow cytometry. Single-cell splenocyte suspensions were
obtained as previously described (Becker-Herman et al.,
2011) and incubated with fluorescence-labeled Abs for 20
min at 4°C. Intracellular cytokines were assessed by plating
10° cells/well in a 96-well plate and stimulating them for
5 h at 37°C with 5 pg/ml PMA (EMD Millipore), 1 pg/ml
ionomycin (EMD Millipore), and GolgiStop (1:1,500 dilu-
tion; BD), after which intracellular staining was performed.
Data were collected on a flow cytometer (LSR II; BD) and
analyzed using Flow]Jo software (Tree Star). For human stud-
ies, cells were stained with a fixable viability dye for 10 min
at room temperature followed by incubation with human
TruStain FcX (BioLegend) for 10 min at 4°C. Surface Abs
were stained for 20 min at 4°C followed by incubation with
a transcription factor fixation/permeabilization solution
(BD) for 40 min at 4°C. Intracellular Abs and transcription
factor Abs were then stained for 40 min at 4°C in a perme-
abilization buffer (BD). Data collected with human samples
were run on a cell sorter (FACSCanto II; BD).

Human subjects. All procedures followed were in accordance
with the ethical standards of the responsible committee on
human experimentation and with the Helsinki Declara-
tion of 1975 as revised in 2008, and were approved by the
Benaroya Research Institute’s Institutional Review Board.
PBMCs were derived from subjects participating in the Ben-
aroya Research Institute control registry. Control participants
were selected based on a lack of personal or family history of
autoimmune disease. Written informed consent was obtained
from all subjects before their participation.

In vitro stimulations. For mice, splenic B cells were purified
from WT, Ifnar’~, Thx21~'~, and Ifhgr_/_ mice by CD43 mi-
crobead depletion (Miltenyi Biotec). Purified B cells were
cultured in RPMI at 37°C for 48 h at 10° cells/well in a 96-
well plate with or without 5 ng/ml R848, 1 pg/ml anti—
mouse IgM F(ab'), fragment (Jackson ImmunoResearch
Laboratories, Inc.), 1 pg/ml anti-mouse CD40 (Southern-
Biotech), recombinant mouse IFN-y or IFN-f (200 and 300
U/ml, respectively; BioLegend), and 500 nM ruxolitinib or
500 nM tofacitinib. For co-culture experiments, congenically
marked CD45.1 WT and CD45.2 Ifngr’~ B cells were stim-
ulated together in 96-well plates (10° total cells/well). B cell
surface marker and transcription factor expression was evalu-
ated by flow cytometry. Cell proliferation was evaluated by
Cell Trace violet (Invitrogen) dilution.

Total human B cells were purified by the Human B Cell
Isolation kit II (Miltenyi Biotec). Total B cells were plated at
5 % 10" in a 96-well plate for 24 or 72 h with 10 pg/ml anti-
IgM (Jackson ImmunoResearch Laboratories, Inc.), 5 pg/ml
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CD40L (PeproTech), or 3.75 pg/ml R848 (InvivoGen) with
or without 10 pg/ml IFN-y (R&D Systems). For JAK inhib-
itor experiments, ruxolitinib or tofacitinib was added at 100
nm or 500 nm at the initiation of culture. Cells were analyzed
at 24- and 72-h time points.

Measurement of auto-Abs. For specific auto-Ab ELISAs,
96-well immuno plates (Thermo Fisher Scientific) were
precoated overnight at 4°C with 100 pg/ml calf thymus
dsDNA (D3664-5X2MG; Sigma-Aldrich) or 5 pg/ml Sm/
RNP (ATRO01-10; Arotec Diagnostic Limited). Plates were
blocked for 1 h with 1% BSA in PBS before the addition of
diluted serum for 2 h. Specific Abs were detected using goat
anti-mouse IgM-, IgG-, or IgG2c-HRP (1:2,000 dilution;
SouthernBiotech), and peroxidase reactions were developed
using a OptEIA TMB substrate (BD).Absorbance at 450 nm
was read using a plate reader (Victor 3; PerkinElmer), and
data were analyzed using Prism software (GraphPad Software).

Quantitative PCR. RNA was isolated from total WT and
wasp™’~ chimeric mice 24 wk after transplantation using the
R Neasy Micro kit (QIAGEN) and converted into cDNA by
reverse transcription (Superscript II; Invitrogen). Real-time
PCR was performed using an iCycler real-time PCR de-
tection system with IQ SYBR green Supermix (Bio-Rad
Laboratories), with mouse hypoxanthine-guanine phosphori-
bosyltransferase as a control. Primers used were as follows:
Hprt, 5'-TTGCTGACCTGCTGGATTACA-3" (forward)
and 5'-CCCCGTTGACTGATCATTACA-3" (reverse);
Ifit, 5'-TGCTGAGATGGACTGTGAGG-3’ (forward) and
5'-CTCCACTTTCAGAGCCTTCG-3" (reverse); Isgl5,
5'-AAGCAGCCAGAAGCAGACTC-3" (forward) and 5'-
CACCAATCTTCTGGGCAATC-3" (reverse); and Mcp-1,
5-TAGTTTTTGTCACCAAGCTC-3" (forward) and 5'-
GATCTCATTTGGTTCCGATCC-3’ (reverse).

VLP and SRBC immunization. WT and Ifagr~’~ mice were im-
munized intraperitoneally with 20 pg QB VLPs or SRBCs
(15.2% by volume in sterile PBS). Spleens were harvested for
flow analysis at day 7 after immunization. Anti-VLP Ab titers
were determined as previously described (Hou et al., 2011).

Spleen and kidney IF staining. Mouse spleens and kidneys
were embedded in an optimal cutting temperature com-
pound and frozen over dry ice. 10-pum sections were cut on a
cryostat, mounted on slides (Superfrost Excell; Thermo Fisher
Scientific), and fixed in —20°C acetone for 20 min. After re-
hydration in a staining buffer (PBS, 1% goat serum, 1% BSA,
and 0.1% Tween 20), slides were stained with B220-PE, CD3-
APC, and PNA-FITC (spleens) or IgG-FITC, IgG2c-FITC,
or C3-FITC (kidneys). Images were acquired using a micro-
scope (DM6000B; Leica Biosystems), a camera (DFL300 FX;
Leica Biosystems), and Application Suite Advanced Fluores-
cence software (Leica). For glomerular immune complex
quantification, images were obtained using a constant expo-
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sure and scored from 0 to 3 by two independent observers

blinded to the genotype.

Histopathology. Kidneys were fixed in 10% neutral buff-
ered formalin, embedded in paraffin, sectioned at 4 pm, and
stained with Jones’ methenamine silver periodic acid—Schiff
according to standard practices. Immunohistochemistry
staining was performed using a Leica Biosystems Bond-
automated immunostainer and HRP-conjugated second-
ary Abs. Histology images were acquired using a micro-
scope (OptiPhot-2; Nikon) and a camera (EOS 5D Mark
II; Canon). Glomerular inflammation was scored as follows:
minimal mesangial expansion consistent with radiation in-
jury (0+);focal glomerular changes with moderate mesangial
expansion, GBM thickening/reduplication and glomerular
hypercellularity (1+); or diffuse glomerular changes with se-
vere mesangial expansion, GBM thickening/reduplication,
and glomerular hypercellularity (2+). Pathology was scored
by observers blinded to genotype.

Statistical evaluation. P-values were calculated using the
two-tailed Student’s ¢ test, the Mann-Whitney U-test, the
two-tailed Fischer’s exact test, the one-way ANOVA followed
by Tukey’s multiple comparison test, and the Kruskal-Wallis
one-way ANOVA (GraphPad Software).
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