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Many autoreactive B cells persist in the periphery in a state of unresponsiveness called anergy. This unresponsiveness is rapidly
reversible, requiring continuous BCR interaction with self-antigen and resultant regulatory signaling for its maintenance.
Using adoptive transfer of anergic B cells with subsequent acute induction of gene deletion or expression, we demonstrate that
the continuous activities of independent inhibitory signaling pathways involving the tyrosine phosphatase SHP-1 and the ino-
sitol phosphatase SHIP-1 are required to maintain anergy. Acute breach of anergy by compromise of either of these pathways
leads to rapid cell activation, proliferation, and generation of short-lived plasma cells that reside in extrafollicular foci. Results
are consistent with predicted/observed reduction in the Lyn-SHIP-1-PTEN-SHP-1 axis function in B cells from systemic lupus

erythematosus patients.

An estimated 70% of newly formed B cells express autoreac-
tive B cell antigen receptors BCRs (Wardemann et al., 2003).
To avoid autoimmunity, these B cells must be silenced. Three
major tolerance mechanisms are in place to achieve silencing:
clonal deletion, receptor editing, and anergy (Goodnow et al.,
1988; Nemazee and Biirki, 1989; Gay et al., 1993;Tiegs et al.,
1993). Whereas all of these mechanisms operate during B cell
development, B cell anergy is the major mechanism operating
in the periphery. Available evidence indicates that in the nor-
mal peripheral repertoire, ~5—7% of B cells are anergic (Mer-
rell et al., 2006; Duty et al., 2009; Quach et al., 2011). Based
on this frequency and reports that anergic B cells have a much
shorter half-life (~5 d) than their naive counterparts (~40 d),
it has been estimated that up to 50% of newly formed, auto-
reactive B cells are silenced by anergy.

Anergy is not an absolute state. Maintenance of B cell
unresponsiveness requires constant occupancy of 20-40% of
their BCR (Goodnow et al., 1991). Removal of self-antigen
results, within minutes, in restoration of BCR signaling func-
tion (Gauld et al., 2005).As a consequence of this reversibility
and presence of anergic cells in the periphery, where they
may encounter high levels of locally produced inflammatory
mediators, anergy is fragile and compromised anergic cells are
therefore likely to contribute to autoimmunity.

Correspondence to John C. Cambier: John.Cambier@ucdenver.edu

Abbreviations used: HEL, hen egg lysozyme; ITAM, immunoreceptor tyrosine-based
activation motif; ITIM, immunoreceptor tyrosine-based inhibitory motif; PI3K,
phosphoinositide 3-kinase; PTEN, phosphatase and tensin homolog; SHIP-1, SH2-
containing inositol 5-phosphatase 1; SHP-1, SH2-containing tyrosine phosphatase
1; SLE, systemic lupus erythematosus; SRBC, sheep RBC.

The Rockefeller University Press ~ $30.00
J. Exp. Med. 2016 Vol. 213 No. 5 751-769
www.jem.org/cgi/doi/10.1084/jem.20150537 CrossMark

The rapid reversibility of anergy indicates that it is main-
tained by nondurable mechanisms, such as inhibitory signaling
(Goodnow et al., 1991; Gauld et al., 2005). Such mechanisms
are suggested by reported chronic immunoreceptor tyro-
sine-based activation motif (ITAM) monophosphorylation, as
well as increased phosphorylation of SH2-containing inositol
5-phosphatase 1 (SHIP-1) and its adaptor docking protein 1,
in anergic cells (Merrell et al., 2006; O’Neill et al., 2011).
However, the causality of these events in maintaining anergy
has not been demonstrated. A significant proportion of thus
far identified systemic lupus erythematosus (SLE) risk alleles
encode proteins that function in regulation of BCR signaling
(Cambier, 2013). Toward eventual development of personal-
ized therapies based on risk allele genotype, it is of critical
importance to understand the molecular mechanisms that
underlie maintenance of anergy, and their interplay.

The earliest defined event in BCR signaling is the phos-
phorylation of one or both tyrosines in the ITAM motif of
CD79a (Iga) and CD79b (Igf) receptor subunits by Sre-fam-
ily tyrosine kinases, e.g., Lyn or Fyn. This leads to the re-
cruitment, via SH2 binding, and activation of Lyn. Upon dual
phosphorylation, ITAMs become docking sites for the kinase
Syk that, in turn, is activated by phosphorylation, leading to
phosphorylation of several downstream targets and culminat-
ing in B cell activation (Packard and Cambier, 2013). Whereas
Lyn plays a role in B cell activation, it also propagates activity
of regulatory signaling pathways by, for example, phosphor-
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ylation of immunoreceptor tyrosine-based inhibitory motifs
(ITIMs) in inhibitory receptors, such as CD22 and CD32B.
Phosphorylated ITIMs mediate recruitment and activation of
the SH2-containing tyrosine phosphatase-1 (SHP-1) and the
inositol phosphatase SHIP-1. These phosphatases can act in
negative feedback loops controlling the magnitude and dura-
tion of the initial response to antigen (Ono et al., 1997).

We previously reported that in anergic B cells CD79a
and b ITAMs are monophosphorylated, and that further
stimulation of BCR on these cells leads to additional mono-
phosphorylation but not dual phosphorylations (O’Neill et
al., 2011). While Syk recruitment to BCR and Syk function
requires that both ITAM tyrosines be phosphorylated, Lyn
engagement requires that only one tyrosine be phosphory-
lated (Pao et al., 1998). These data suggest that in anergic B
cells the balance between Lyn and Syk activation shifts, lead-
ing to a bias toward inhibitory signaling. Indeed, in cell lines
that contain receptors that can only be monophosphorylated,
we observe no Syk phosphorylation, whereas the SHIP-1
and its adaptor docking protein 1 are strongly phosphorylated
(O’Neill et al., 2011).

Inhibitory signaling pathways have long been recog-
nized to be of importance in B cell tolerance. B cell-targeted
loss of Lyn (Lamagna et al., 2014), SHIP-1 (Maxwell et al.,
2011; O’Neill et al., 2011), and SHP-1 (Pao et al., 2007) all
lead to a lupus-like B cell-driven autoimmunity. However,
these studies have not revealed which tolerance mechanisms
are compromised by such mutations. Deletion of negative
regulators of BCR signaling leads to increased signal strength,
resulting in increased clonal deletion (Cyster and Good-
now, 1995; Cornall et al., 1998; O’Neill et al., 2011; Leung
et al., 2013) and, potentially, receptor editing (Kraus et al.,
1999; Hippen et al., 2005). This increase in central tolerance
suggests that the observed loss of tolerance in mice lacking
negative regulators that have a wild-type BCR repertoire is
caused by a loss of peripheral tolerance. Paradoxically, how-
ever, although loss of SHP-1 does not lead to autoimmunity
in a transgenic model of B cell anergy in which BCR affinity
for autoantigen is very high (Cyster and Goodnow, 1995), it
does lead to autoimmunity in normal mice with a polyclonal
BCR repertoire (Pao et al., 2007). Interpretation of these
studies is further confounded by the fact that signal strength
affects the lineage fate decision of B cells (Casola et al., 2004).
Thus, the role of these regulatory signaling proteins in the
maintenance of anergy is unclear.

We have hypothesized that BCR ITAM monophos-
phorylation maintains the unresponsiveness of anergic B cells
via activation of Lyn and downstream targets such as SHIP-1
and SHP-1. The requirement for continuous receptor en-
gagement to maintain unresponsiveness suggests that contin-
uous activation of this pathway is required to maintain anergy.
In this study, we specifically address the role SHIP-1 and
SHP-1 in maintenance of B cell anergy by adoptive transfer
of anergic B cells, followed by induction of acute deletion or
activation of gene expression. Using this approach, we were
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able to circumvent confounding effects of such manipulations
on B cell development and central tolerance. Thus, the spe-
cific roles of SHP-1 and SHIP-1 on induction versus main-
tenance of B cell anergy could be delineated. We found that
both SHIP-1 and SHP-1 are required for the maintenance
of anergic B cell unresponsiveness, and that they appear to
function in independent pathways. Tracking clonal fate of
compromised anergic B cells revealed that they generate
short-lived, extrafollicular autoantibody responses.

RESULTS
SHIP-1 is required for the maintenance of B cell anergy
To assess the role of signaling intermediaries in the main-
tenance of B cell anergy, we developed an adoptive transfer
strategy for use in conjunction with acute induction of B
cell-targeted gene deletion or expression (Fig. 1 A). Donor
Ars/A1 B cells express a BCR that is reactive with the hapten
p-azophenylarsonate and with DNA (Benschop et al., 2001).
Presumably as a consequence of their DNA reactivity, B cells
in this mouse are anergic (Benschop et al., 2001). For these
studies, Ars/Al mice were further engineered to contain
genes encoding human CD20 promoter-driven, and there-
fore B cell-targeted, TamCre (Khalil et al., 2012). In addi-
tion, they contained a ROSA-26 floxed-stop-YFP reporter of
Cre activity, with or without floxed genes of interest. Isolated
anergic Ars/Al B cells were loaded with CellTracker Vio-
let to allow monitoring of proliferation, and then adoptively
transferred into low-dose irradiated C57BL/6 recipients.
Transterred populations were homogeneous, expressing phe-
notypic markers consistent with anergy, and were unrespon-
sive to BCR stimulation, as shown previously (Benschop et al.,
2001; andnot depicted). 24 and 48 h after cell transfer, recip-
ients were treated with tamoxifen to induce Cre activity and
consequent gene deletion (or activation); treatment included
marking affected cells by induction of YFP expression. Use
of adoptive transfer allowed monitoring of the fate of these
clonal anergic B cells in the presence of niche competitors,
while avoiding the confounding effects of continuous influx
of newly formed DNA/chromatin-reactive Ars/A1 B cells.
We first used this approach to determine the need for
continuous inhibitory signaling mediated by SHIP-1 to main-
tain the anergy. Intracellular staining of SHIP-1 confirmed
elimination of SHIP-1 protein in YFP* Ars/A1 cells by 7 d
after tamoxifen treatment (Fig. 1 B). At this time point, stain-
ing was equivalent to that of B cells lacking SHIP-1 due to
mb1-cre—driven knockout (mb1-cre SHIP-1"%) As expected,
transferred and tamoxifen-treated SHIP-1-sufficient Ars/Al
B cells (SHIPY" Ars/A1; Fig. 1 C) and SHIP-1"% Ars/A1 B
cells in mice that were not tamoxifen treated (not depicted)
did not proliferate or differentiate to become plasmablasts at
any time after transfer and tamoxifen treatment (Figs. 1 C and
2, A and B). In contrast, Ars/A1 B cells that became SHIP-1
deficient after tamoxifen treatment made robust responses
(SHIP"® Ars/A1; Figs. 1 C and 2, A and B). By 11 d after
tamoxifen treatment, a significant proportion of Ars/Al B
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Figure 1. SHIP-1 is required for the maintenance of anergy in autoreactive B cells. (A) A schematic representation of the experimental protocol. (B)

Intracellular SHIP-1 protein expression in splenic YFP* cells 7 d after tamoxifen treatment. B220* C57BL/6 recipient cells (WT) and B220* mb1-cre x SHIP-1"/"
cells are used as controls (n = 5/group, representative plots shown). (C) Proliferation (left) and differentiation (right) of splenic YFP* cells to plasmablasts 11
d after tamoxifen treatment of recipients (n = 5/group, representative plots shown). Data shown are representative of at least two replicate experiments.

cells that had lost SHIP-1 proliferated as indicated by dye di-
lution and expressed CD138 as well as increased intracellular
antibody (idiotype), indicating differentiation to plasmablasts
(Fig. 1 C).To determine if this response was merely a result of
the acute loss of SHIP-1 or was autoantigen driven, we gen-
erated mice in which SHIP-1 deletion could be induced in
transferred B cells specific for hen egg lysozyme (HEL), a for-
eign antigen. These MD4 B cells did not proliferate or differ-
entiate into plasmablasts upon acute SHIP-1 deletion, unless
recipients (that did not express HEL) were immunized with
sheep RBC (SRBC)—conjugated HEL (SRBC-HEL; Fig. 2,
C and D). Together, these results show that SHIP-1 is re-
quired for the maintenance of unresponsiveness of DNA-re-
active B cells that are silenced by anergy, and suggest that loss
of SHIP-1 converts the response to continuous self-antigen
from B cell anergy to activation.

Upon acute loss of SHIP-1, anergic B cells become
responsive to BCR stimulation, are activated, and make
short-lived extrafollicular antibody responses

We next determined whether the acute loss of SHIP-1 by
Ars/Al B cells affects their ability to mobilize calcium upon
BCR cross-linking. Despite lower surface IgM expression,
Ars/A1 B cells that had not yet proliferated after SHIP-1 dele-
tion mobilized calcium more robustly than SHIP-1-sufficient
anergic Ars/Al B cells, indicating relief of anergy-associated
suppression of BCR signaling (Fig. 3 A). Next, we monitored
in vivo changes in activation markers on Ars/A1 B cells after
acute SHIP-1 deletion, to determine whether those changes
resemble changes in surface phenotype that are normally as-
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sociated with responses of naive B cells to antigen. We first an-
alyzed marker expression along a time continuum from 4-14
d, analyzing only those cells that had not yet proliferated. Loss
of SHIP-1 (Fig. 3 C) was associated with acquisition of an ac-
tivated phenotype as indicated by down-regulation of antigen
receptors and CD23, and up-regulation of MHC class II and
CD86 (Fig. 3 D). CD80, normally up-regulated on anergic B
cells, was down-regulated (Fig. 3 D). CD8O0 has been reported
to have an inhibitory function on B cells (Suvas et al., 2002),
thus its down-regulation is consistent with activation.

We then evaluated changes in marker expression as
a function of progressive steps of activation (undiluted vi-
olet label; red quadrant), proliferation (dye diluted; green
quadrant), and differentiation (intracellular Ig", B220", and
CD138"; blue quadrant) of genetically compromised anergic
cells (Fig. 3 E). As can be seen, CD95 was down-regulated
by compromised cells before proliferation, and then increased
with proliferation. Loss of CD95 may enable these cells to es-
cape CD95-mediated mechanisms that promote death of an-
ergic cells (Rathmell et al., 1995). Conversely, reacquisition of’
CD95 by plasmablasts may be responsible for the clonal ex-
tinction seen at 20-25 d (Fig. 3 B). As expected, CD138 was
expressed only by plasmablasts, and many of the plasmablasts
exhibited reduced expression of B220 consistent with an ad-
vanced state of differentiation. Finally, the plasmablasts had a
CXCR4hi, CXCR5lo chemokine receptor profile, consis-
tent with extrafollicular localization (Hargreaves et al., 2001).

Plasmablasts detected based on CD138 expression and
high levels of cytoplasmic antibody were functional, as Ars/
Al B cell-derived IgM" anti-Ars was detected in the serum
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(Fig. 3 F) and IgM" anti-Ars secreting cells were detected
by ELISPOT (Fig. 3 G). Consistent with initial activation
of these B cells by endogenous antigen and previous reports
that Ars/Al-encoded antibodies react with DNA/chroma-
tin, antibody-secreting cells were also detected as IgM® anti-
chromatin ELISPOTs (Fig. 3 H). Histological examination
demonstrated that these antibody-secreting cells localize at
the red pulp/T cell border (Fig. 3 I), a site previously shown
to harbor autoreactive antibody-producing cells (Herlands
et al., 2007; Nickerson et al., 2013a). We did not observe
YFP" Ars/A1 B cell-containing germinal centers in any time
point examined (unpublished data). Although the frequency
of plasmablasts increased in time after tamoxifen treatment,
they became undetectable at ~21 d after tamoxifen treat-
ment (Fig. 3 B). They were also undetectable in LNs and the
bone marrow at this time, suggesting clonal extinction had
occurred (unpublished data). Together, these results show that
upon loss of SHIP-1, anergic B cells become responsive to
autoantigen, and subsequently are activated, proliferate, and
differentiate into short-lived autoantibody-secreting plasma-
blasts that localize in extrafollicular sites.

Loss of tolerance by transferred compromised anergic B
cells is not dependent on irradiation of recipient mice

In the aforementioned experiments, we irradiated the recipi-
ents with 200 rad before adoptive transfer, assuming a need to
make space for the transferred cells. However, this irradiation
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ular anti-idiotype high, dilution dye low, top
— ArsiA1 — left quadrant of plots depicted in A) 14 d
ok after tamoxifen treatment. (C) hCD20-Tam-
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N B cells were adoptively transferred according
40 4 to the schematic representation in Fig. 1 A (n
- = 4-5/group). 9 d after tamoxifen treatment,
% one group was immunized with 5% SRBC-HEL
20 vy i.p., and the other group was left unimmu-
nized. 14 d after tamoxifen treatment, splenic
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0

analysis of the plasmablasts (top left quadrant
of C) as percentage of total YFP* cells in C.
Data shown are representative of at least two
replicate experiments. Bars in B and D repre-
sent mean + SEM. **, P < 0.005 using an un-
paired Student's t test.
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could have additional effects on the environment in recipi-
ents, including increased release of self-antigen, production of
inflammatory cytokines, and a decrease in competition for B
cell-activating factor (BAFF).To exclude roles for these effects
of irradiation in loss of anergy, we compared the behavior of
Ars/A1 B cells after induced loss of SHIP-1 in irradiated and
nonirradiated recipients. Although responses terminated ear-
lier and cell recoveries were lower in nonirradiated recipients
(Fig. 4, A—C) we observed no qualitative differences in the
autoantibody response (Fig. 4, C and D).These results demon-
strate that acute SHIP-1 loss is sufficient to break tolerance. In
further experiments, we observed two quantitative differences
after cell transfer to irradiated versus nonirradiated recipients.
First, when fewer Ars/A1 B cells were transferred (6 X 107>
vs. 2.5 X 1079, cells transferred into irradiated recipients
made significantly larger responses after SHIP deletion than
those transferred into nonirradiated recipients (not depicted).
Second, transferred control anergic B cells (which remained
SHIP-sufficient, and thus anergic) remained constant in num-
ber between day 7 and 14 in irradiated recipients, whereas
rapidly decreasing in nonirradiated recipients (Fig. 4 E). These
results suggest that in the slightly lymphopenic environment
of irradiated recipients anergic B cells survive longer, likely
due to reduced competition for B cell-activating factor (Les-
ley et al., 2004; Thien et al., 2004). This would increase the
number of precursors available to engage in autoantibody re-
sponses after breach of tolerance by SHIP-1 deletion.
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in vivo, and make short-lived extrafollicular plasma cell responses. (A) Surface IgM expression by (left) and anti-lgM induced calcium mobilization
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ated hosts and filled symbols indicate transfer into irradiated hosts. The number of plasmablasts per spleen were calculated based on the top left quadrant
of panels in B. (D) Ars/A1-derived IgM? anti-Ars antibody detected in serum 14 d after tamoxifen treatment (n = 4-5/group) of nonirradiated and irradiated
recipients. (E) The total number of control YFP* SHIP-sufficient Ars/A1 B cells present in the spleens of nonirradiated and irradiated recipients after transfer
of 6 x 107° SHIP WT Ars/A1 B cells. None of the YFP* SHIP-sufficient Ars/A1 B cells had proliferated at any time point. Data shown are representative of at
least two replicate experiments. Bars in C-E represent mean + SEM. ns, P > 0.05; *, P < 0.05 using an unpaired Student's t test.
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Efficiency of recruitment of compromised anergic B cells
into the immune response is comparable to that of naive B
cells responding to immunization

Although the aforementioned results demonstrate that loss
of SHIP-1 can lead to loss of anergy, they do not report the
efficiency of this response, i.e., what proportion of cells ac-
tually participate in the response upon loss of SHIP-1. We
addressed this question in irradiated hosts because they allow
us to assume that the starting population remains constant in
size (Fig. 4 E). Before analyzing the response of rogue an-
ergic B cells, we first determined the response of naive B
cells under comparable conditions (Fig. 5, A—G). CellTracker
Violet-labeled MD4 B cells were adoptively transterred into
low-dose irradiated C57BL/6 recipients, and their response
to two doses of SRBC-HEL was followed. As expected,
higher antigen dose resulted in larger responses as measured
by serum antibody titers (Fig. 5 B), as well as proliferated and
differentiated cell numbers (Fig. 5, C and D). In unimmu-
nized controls, the MD4 B cell population remained constant
in size over the duration of the experiment (Fig. 5 D, left).
Thus, we could calculate the proportion of precursor cells
that responded based on the decrease in number of undi-
vided cells (Fig. 5 E). As expected, more B cells responded
at higher antigen doses and the proportion of cells that re-
sponded remained constant over time after a single antigen
pulse. Alternatively, enumeration of cells in which dye was di-
luted allowed back-calculation of the approximate number of
precursor MD4 B cells that seeded the proliferative response
(see Materials and methods; Fig. 5 F). The fact that fewer cells
can be accounted for using the latter method suggests that a
significant portion of the responding MD4 B cells died after
activation (Fig. 5, E vs. F). Back-calculation to determine the
approximate frequency of precursor MD4 B cells that seed
the plasmablast responses suggested that only a small propor-
tion of cells ultimately seed this response (Fig. 5 G).

A similar analysis was done to determine the frequency
of compromised anergic B cells that participate in the auto-
immune response (Fig. 5, H-M). The number of YFP* Ars/
A1l B cells per spleen present at day 7 after tamoxifen treat-
ment, a point at which these cells had not begun to proliferate
(Figs. 3 B and 5 I), was used as the denominator precursor
population size. Based on loss of undivided cells, as in the
response of naive B cells to antigen, it appeared that the ma-
jority of compromised anergic cells engaged in the autoim-
mune response (Fig. 5, ] and K). This degree of participation
is comparable to that observed in the MD4 B cell response
to high antigen dose (Fig. 5 F), although the proportion of
cells recruited increased over time in the case of the autoim-
mune response. This likely reflects the continuous exposure to
self-antigen versus a pulse of exogenous antigen. It should be
noted that it is not possible to exclude the possibility that loss
of SHIP-1 affects the half-life of the precursor population,
thereby potentially inflating this calculation. Back-calculation
from proliferated cell frequency to determine the number of
precursor cells that seeded the proliferative response and the
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plasmablast response suggested that although relatively more
activated cells die before they can make a successful response
(compare Fig. 5,K vs. L) to (Fig. 5, E vs. F), the frequency of
cells that give rise to plasmablasts (Fig. 5, M vs. G) is compa-
rable between naive B cells and anergic B cells that have lost
tolerance. Collectively, these results suggest that once anergic
B cells break tolerance, they respond to autoantigen compa-
rably to naive B cells responding to immunogen.

Continuous suppression of the PI3K pathway is required for
the maintenance of B cell anergy

We next set out to determine whether the effect of acute
SHIP-1 deletion reflects a need to suppress PtdIns(3,4,5)
P3 levels to maintain anergy, or if it involves some other
SHIP-1 function. SHIP-1 has been reported to function as an
adaptor protein, interacting with several proteins that could
affect signaling independent of its phosphatase activity (Tri-
dandapani et al., 1999; Condé et al., 2012). In addition, the
product of SHIP-1 hydrolysis of PtdIns(3,4,5)P3, PtdIns(3,4)
P2, has been shown to recruit TAPP1/2 proteins that play a
role in maintaining B cell tolerance (Landego et al., 2012).To
determine if reduction of PtdIns(3,4,5)P3 levels is required
to maintain anergy, we took two approaches. Using a similar
adoptive transfer strategy as described earlier for analysis of
SHIP-1 function, we either induced expression of a consti-
tutively active phosphoinositide 3-kinase (PI3K; Srinivasan
et al., 2009) or induced deletion of the inositol phosphatase
and tensin homologue (PTEN). Whereas PTEN 1s up-reg-
ulated in the MD4.ML5 model of anergy, Ars/Al express
naive cell levels of PTEN (Browne et al., 2009; O’Neill et al.,
2011). Both manipulations were predicted to compensate for
SHIP-1 hydrolysis of PtdIns(3,4,5)P3 in anergic cells. Indeed
both approaches caused Ars/Al B cells to gain responsive-
ness and proliferate and differentiate into autoantibody-pro-
ducing plasmablasts (Fig. 6, A-D). These results demonstrate
that SHIP-1 and PTEN enforce anergy by reduction of
PtdIns(3,4,5)P3 levels.

Deletion of SHP-1 affects B cell development

and disrupts B cell anergy

Src-family kinases have been implicated in activation of the
regulatory tyrosine phosphatase SHP-1, as well as SHIP-1
(Nishizumi et al., 1998). Although targeted deletion of
SHP-1 early in B cell development leads to a lupus-like auto-
immunity (Pao et al., 2007), its role in maintenance of B cell
anergy is unclear (Cyster and Goodnow, 1995). Because we
hypothesize that monophosphorylation of CD79a/b ITAMs
leads to a preferential activation of Lyn, thereby driving acti-
vation of SHIP-1, we reasoned that SHP-1 may also be ac-
tivated and play a role in maintenance of anergy. To address
this question, we crossed SHP-1"" mice with Ars/A1 mice
in which cre is expressed constitutively from early B cell de-
velopment onward by virtue of the mb1 promoter or can be
acutely induced using the hCD20 promoter driven TamCre
and tamoxifen (as shown diagrammatically in Fig. 1 A).
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Figure 5.  Efficiency of recruitment of compromised anergic B cells into the immune response is comparable to that of naive B cells responding
to immunization. (A) Schematic representation of the MD4 experimental protocol. In the experiment shown, 6 x 107> MD4 B cells were transferred to
each recipient. (B) IgM? anti-HEL antibody detected in serum 5 d after immunization of adoptive MD4 recipients with the indicated doses of SRBC-HEL (n =
4-5/group). (C) Proliferation and differentiation to plasmablasts of splenic B220* anti-HEL" cells at the indicated days after immunization (n = 4-5/group,
representative plots shown). (D) Enumeration of nondivided, proliferated, and plasmablast B220" anti-HEL" cells in spleen from the experiment shown in C).
Plasmablast number was calculated based on the cells in the top left quadrant of cytograms in C. These numbers were correlated with antibody-secreting
cell numbers determined by ELISPOT (not depicted). (left) Total number of B220* anti-HEL" cells per spleen in unimmunized mice at the indicated time points.
(E) The percentage of starting population of MD4 B cells that responded to immunization based on the decrease in number of nondivided MD4 B cells per
spleen. (F) The approximate percentage of the starting population of MD4 B cells that seeded the proliferative response seen at the indicated time points
after immunization. (G) The approximate percentage of the starting population of MD4 B cells that seeded the plasmablast response 5 d after immunization
with indicated antigen dose. (H) Schematic representation of the Ars/A1 experimental protocol. In the experiment shown, 6 x 10~° SHIP"" Ars were trans-
ferred into each recipient. (1) Proliferation and differentiation to plasmablasts of splenic YFP* cells at the indicated days after tamoxifen treatment (n = 4-5/
group, representative plots shown). (J) Enumeration of the total number of nondivided, proliferated, and plasmablast YFP* cells per spleen of the experiment
shown in ). The number of plasmablasts was calculated based on the upper left quadrant. These numbers were correlated with antibody-secreting cell num-
bers determined by ELISPOT (not depicted). (K) The percentage of starting YFP* E4* B cells that responded to self-antigen based on the decrease in number of
nondivided YFP* E4* B cells per spleen. (L) The approximate percentage of the starting population of YFP* E4* B cells that seeded the proliferative response
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First, we confirmed that constitutive B cell-targeted
deletion of SHP-1 leads to autoimmunity in mice with a
wild-type repertoire as indicated by antichromatin IgG lev-
els in serum and ANA staining (Fig. 7, A and B; Pao et
al., 2007). We also confirmed that in these mice, B cells
preferentially differentiate into B-1 cells (Fig. 7 C). Both
SHP-1—-deficient B1 and B2 cells expressed reduced sur-
face IgM and, when normalized to IgM expression level,
displayed accelerated and increased calcium mobiliza-
tion upon BCR cross-linking, indicating loss of regula-
tory signaling (Fig. 7 D).

We next crossed Ars/Al B cell antigen receptor trans-
genic mice with mb1-cre SHP-1%% mice to determine the
effect of SHP-1 deficiency on the fate of chromatin-reac-
tive B cells. As reported for the MD4.ML5 line (Cyster and
Goodnow, 1995), we observed a significant decrease in the
number of SHP-1-deficient Ars/Al B cells that reached
the periphery, suggesting an increase in central tolerance
(Fig. 7 E). Deletion of negative regulators of B cell receptor
signaling can be expected to increase BCR signal strength,
thus increasing central tolerance, which in these mice results
in clonal deletion because receptor editing cannot rescue
these B cells that harbor a randomly inserted immunoglob-
ulin transgene. Despite apparent increased deletion, Ars/Al
B cells that reached the periphery under these circumstances
exhibited a higher frequency of autoantibody producing
cells, suggesting that peripheral tolerance was not properly
maintained (Fig. 7 F). Interestingly the Ars/A1 B cells that
developed without SHP-1 acquired a B-1-like phenotype
(Hardy, 2006; Fig. 7 G), confirming previous studies (Casola
et al., 2004; Diz et al.,, 2008) showing that BCR signal
strength controls B-1 B cell differentiation.

To avoid these confounding effects of SHP-1 dele-
tion on B cell development and specifically assess SHP-1
requirements for maintenance of B cell anergy, we crossed
these mice with hCD20 TamCre mice. Because of the
proximity of the ptpn6 (SHP-1) locus to rosa26 gene, we
could not use the YFP reporter in this experiment, so in-
stead we used CD45.1 congenic mice as adoptive recipi-
ents. Using this approach, we could distinguish adoptively
transferred cells (CD45.2) from host B cells (CD45.1).
Using the adoptive transfer strategy described earlier for
analysis of SHIP-1 function, we observed that like acute
loss of SHIP-1, acute loss of SHP-1 resulted in a loss of an-
ergy, resulting in proliferation and differentiation into auto-
antibody-producing plasmablasts (Fig. 8, A—C). Collectively,
these results show that although a loss of SHP-1 promotes
central tolerance, likely by increasing signal strength, SHP-1
is required to maintain anergy.

Genetic complementation analysis indicates that SHIP-1

and SHP-1 function in parallel pathways, both of which are
required for maintenance of B cell anergy

Although at some level, all signaling pathways are intercon-
nected, SHP-1 and SHIP-1 have distinct substrates and affect
distinct pathways initiated after B cell receptor cross-linking
(Ono et al., 1997). To gain insight into the relationship be-
tween the SHP-1 and SHIP-1 inhibitory pathways in mainte-
nance of anergy we used a genetic complementation approach
(Cornall et al., 1998). This experiment built on the observa-
tion that acute induction of SHIP-1 or SHP-1 haploinsuffi-
ciency in Ars/Al B cells does not compromise anergy (Fig. 9,
A and B). Similarly, induced haploinsufficiency of PTEN had
no effect on the ability of Ars/Al B cells to maintain unre-
sponsiveness. However, acute induction of haploinsufficiency
of both SHIP-1 and PTEN caused loss of anergy, presumably
due their combined effects to elevate PtdIns(3,4,5)P3 levels.
Both PTEN and SHIP-1 reduce PtdIns(3,4,5)P3 levels, at-
tacking inositol 3- and 5-phosphate, respectively. Importantly,
however, acute induction haploinsufficiency of both SHIP-1
and SHP-1 did not result in loss of anergy. These results sug-
gest that risk-conferring alleles that act in the same pathway,
e.g., SHIP-1 and PTEN may, by complementing each other,
have a superadditive effect on risk, whereas risk-conferring
alleles encoding proteins that act in different pathways do not.

DISCUSSION

Induction and maintenance of unresponsiveness of B cells that
recognize low valency autoantigens presents a challenging bi-
ological problem. Such antigens, even if they have high affinity
for the BCR, are likely to induce relative weak signals because
they do not aggregate receptors efficiently. Available evidence
suggests that when autoantigen avidity and, consequently, abil-
ity to induce signaling is not sufficient to induce editing or
clonal deletion, autoreactive B cells may be rendered anergic.
Chronic stimulation by such antigens leads to changes in in-
tracellular signaling circuitry that makes the cell unresponsive
to a variety of signals, including aggregation of previously un-
occupied BCR.This unresponsiveness is not durable, as would
be expected if it were mediated by genetic reprogramming.
Removal of autoantigen from BCR can lead to restoration
of responsiveness within minutes, suggesting maintenance by
activation of labile regulatory signaling pathways (Gauld et
al., 2005). Definitive testing of this concept and elucidation
of operative pathways requires the ability to manipulate can-
didate regulators in already anergic cells. Availability of mice
carrying acutely activable cre recombinase and loxP-flanked
candidate regulatory genes have, in the context of immuno-
globulin transgenesis, made it possible to address this question.

observed at the indicated time points after tamoxifen treatment. (M) The approximate percentage of the starting population of YFP* E4* B cells that seeded
the plasmablast response at the indicated time points after tamoxifen treatment. Data shown are representative of at least two replicate experiments. Bars
inB,D, E F G J KL andMrepresent mean + SEM. ns, P > 0.05 using an unpaired Student's ¢ test.
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In this study, we used an experimental system in which
mature anergic B cells were adoptively transferred into a nor-
mal environment, and cre was then activated to modulate in-
hibitory signaling in the transferred cells. We demonstrate that
continuous inhibition of the PI3K pathway by the inositol
5-phosphatase SHIP-1 is required to maintain B cell anergy
(Figs. 1, 2, 4, 5, and 6). We further demonstrate that tyrosine
phosphatase SHP-1 is also required for the maintenance of B
cell anergy (Figs. 7 and 8). Genetic complementation studies
suggest that these phosphatases function in distinct pathways
(Fig. 9). Finally, we demonstrate that anergic B cells that break
tolerance, up-regulate activation markers and mount short-
lived extrafollicular antibody responses (Figs. 3 and 4).

The approach used has clear advantages over those using
conventional knockouts. Besides allowing more definitive
analysis of the requirements for maintaining anergy, use of
anergic B cells that were allowed to develop normally before
acute induction of alterations in inhibitory signaling elimi-
nated influences of confounding developmental effects. Al-
though our findings regarding the role of SHIP-1 in anergy
are consistent with previously published work using mb-1cre—
driven deletion of SHIP-1 (O’Neill et al., 2011; Akerlund et
al., 2015), they pinpoint the function of SHIP-1 to mainte-
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nance of anergy. Although SHP-1 was shown previously to
be essential for maintenance of tolerance (Pao et al., 2007), its
role in B cell anergy was unclear (Cyster and Goodnow, 1995).
Results reported here demonstrate a critical role for SHP-1
in maintenance of anergy of chromatin-reactive B cells.

Experiments described here reveal other nonredundant
effects of SHIP-1 and SHP-1 on B cell biology. Whereas a
previous study using B cell-targeted deletion of SHP-1 only
reported an increase in calcium mobilization in B1 cells (Pao
et al., 2007), here we demonstrated that when corrected for
differences in surface IgM, all SHP-1—deficient B cells have
an accelerated and increased calcium mobilization response to
BCR stimulation (Fig. 7 D). In contrast, SHIP-1 deficiency
results in a delayed contraction of the calcium response (Liu
et al., 1998). These differences indicate that these regulators
likely affect distinct phases of B cell receptor signaling. In
agreement with increased initial signal strength (Casola et
al., 2004), we observed an increase in differentiation into B1
B cells after SHP-1 loss, even when the B cell expressed a
transgenic BCR (Fig. 7 G).

How do SHP-1 and SHIP-1 maintain B cell unrespon-
siveness? Although SHIP-1 can modulate signaling in more
ways than by its phosphatase activity (Tridandapani et al.,
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Figure 7. Deletion of SHIP-1 and SHP-1 during early B cell development directs development of distinct peripheral B cell populations. (A) Serum
IgG anti-chromatin antibody detected by ELISA in 3-mo-old mbicre SHP-1"" and SHP-1"" control mice (n = 5/group). (B) ANA staining by serum antibody
from 3-mo-old mb1cre SHP-1"" (diluted 1:100) and SHP-1"" control mice (diluted 1:40). (C) Cell surface expression of CD5 and B220 by splenocytes from
SHP-1""and mb1cre x SHP-1"" mice (n = 5/group, two representative slides shown). (D) Calcium mobilization after stimulation with F(ab), anti-IgM using
the indicated final concentration of stimulus for SHP-1%" (black line) and mb1cre x SHP-17 (red line) B cells. Splenic B1a cells were defined as B220* CD5*,
B2 cells as B220" CD5™. Cytograms on the right were gated on IgM expression (gray-boxed) to analyze responses of cells expressing equivalent IgM levels
(middle; n = 4/group, representative plots shown). (E) Enumeration of B cells in the spleens of mb1cre-driven B cell-targeted Ars/A1 mice deficient in SHIP-1
or SHP-1 (n = 5/group). (F) Frequency of autoantibody producing Ars/A1 cells, as measured by ELISPOT, among the total splenic B lineage cells in each mouse
(n = 5/group). (G) Cell surface marker expression by B cells (B220* or CD19*) from mb1cre-driven B cell targeted Ars/A1 mice deficient in SHIP-1 or SHP-1
(n = 4/group, representative plots shown). Data shown are representative of at least two replicate experiments. Bars in A, E, and F represent mean + SEM.
*, P <0.05 using an unpaired Student's t test.
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Figure 8. Acute deletion of SHP-1 disrupts the
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1999; Condé et al., 2012), we demonstrated that SHIP-1-
mediated suppression of the PI3K pathway is sufficient for the
maintenance of B cell anergy (Fig. 6).This is consistent with a
reported disability of anergic B cells to accumulate PI(3,4,5)
P3 in their membrane upon BCR stimulation (Browne et al.,
2009), the observed increase in SHIP-1 activity (O’Neill et
al., 2011; Akerlund et al., 2015), and increased PTEN expres-
sion (Browne et al., 2009) in anergic B cells. The fact that the
PI3K pathway promotes plasma cell differentiation (Omori et
al., 2006) fits with the observed autoantibody response seen
when inhibition of the PI3K pathway is relieved. In vitro,
SHP-1 dephosphorylates several proteins important in B cell
signaling, such as the Igo/f ITAMs, Syk, and BLNK (Mizuno
et al., 2000; Adachi et al., 2001). Syk activation and it subse-
quent stimulation of downstream pathways involving proteins
such as BLNK, PLCYy2, and Btk, are required for B cell activa-
tion (Takata et al., 1994).The observed 75% reduction in Syk
phosphorylation seen upon receptor cross-linking in anergic
B cells (Feuerstein et al., 1999; and unpublished data) is likely
attributable to increased SHP-1 activity. Other SHP-1 tar-
gets of obvious importance are the ITAM tyrosines of Igot/f.
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SHP-1 has been reported to dephosphorylate the two ty-
rosines in the ITAM of the Fcy receptor chain at different
rates (Yamashita et al., 2008) suggesting a potential mecha-
nism that may mediate the biased ITAM monophosphory-
lation observed in anergic B cells. The combined activity of
SHP-1 and SHIP-1 are likely responsible for other down-
stream signaling characteristics, for example, a deficiency in
CARDI11 activation (Jun and Goodnow, 2003). This could
occur via negative regulation of PCLY2 resulting in failed
PKCB activation. As we have shown, both phosphatases are
critical for the maintenance of unresponsiveness, functioning
in a nonredundant manner.

The experimental system used in these studies allows
monitoring of the fate of compromised anergic B cells. As re-
ported previously (Nickerson et al.,2013b),anergic anti-DNA
B cells that break tolerance form extrafollicular foci in which
autoantibody-secreting cells reside. Studies of other models
(William et al., 2002) have also demonstrated that extrafol-
licular responses, instead of germinal center—driven responses,
are an important source for autoantibody generation. These
responses are reportedly TLR dependent (Herlands et al.,
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2008) and give rise to predominantly short-lived plasmablast
responses (William et al., 2005). The observed short lifespan
of the plasmablast response in our study (Fig. 3 B) resembles
those seen in patients (Grammer and Lipsky, 2003), suggesting
that in patients pathogenic autoreactive clones could have an
anergic origin. Combined, available data support the concept
that continuous replenishment of corrupt clones is required
to sustain autoimmunity. This is perhaps the reason why Rit-
uxan depletion of B cells has been effective therapeutically in
several autoimmune diseases despite sparing plasma cells (Ed-
wards et al., 2004; Hauser et al., 2008; Pescovitz et al., 2009).

Several studies have suggested that T cell help can
prompt anergic B cells to participate in autoantibody re-
sponses (Fulcher et al., 1996; Seo et al., 2002). However, it is
widely assumed that under normal conditions autoimmunity
does not occur because T cells of relevant autoantigen spec-
ificity are deleted in the thymus (Adelstein et al., 1991). It
is intriguing that immediately before proliferation, SHIP-1—
deficient Ars/Al B cells express elevated levels of MHC class
IT and CD86 consistent with subsequent productive interac-
tion with CD4 T cells. Indeed, it has been suggested that one
of the reasons interactions between CD4 T cells and anergic
B cells is unproductive is because the latter do not up-regulate
CD86 (Ho et al., 1994; Rathmell et al., 1998). Our own pre-
liminary studies bearing on this point suggest that although
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acute SHIP-1 deletion breaks anergy leading to B cell acti-
vation, CD4 T cells are required for subsequent proliferation
and differentiation into plasmablasts (unpublished data). The
nature of this relationship is currently under investigation,
but almost unquestionably must indicate that T cells that are
competent to provide help for autoreactive B cells must exist
in the periphery of normal mice. Our findings also suggest
that upon becoming antigen responsive, formerly anergic
B cells become competent to present cognate autoantigen
antigen to T cells. This could have implications for autoim-
mune diseases such as diabetes, in which the role for B cells
in pathogenesis is likely as antigen-presenting cells (Serreze et
al., 1998; Wong et al., 2004).

Our studies to determine the extent of participation of
corrupt autoreactive clones in autoantibody responses (Figs. 4
and 5, I-M) suggest that in individuals with genetic predispo-
sition that weakens the inhibitory pathways of anergic cells,
the likelihood that an individual cell instigates autoimmunity
is very low. Multiple factors, either immune system-intrinsic
or environmental, likely including availability of survival fac-
tors (Lesley et al., 2004;Thien et al., 2004), autoantigen, T cell
help, and genetic predisposition (Fig. 9 A vs. 2 A), conspire
to prompt autoimmunity.

How do our findings relate to initiation of B cell-medi-
ated autoimmune diseases such as SLE? Although regulators
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of the PI3K pathway have not yet been identified in auto-
immune GWAS studies, the relevance of suppression of the
PI3K pathway in human autoimmunity has recently been
demonstrated. Wu et al. (2014) reported decreased expres-
sion of PTEN in B cells from patients with SLE that directly
correlated with disease severity. This was a result of increased
expression of microRINA miR-7. Similarly SHIP-1 has been
shown to be reduced in B cells from Fas™ lupus-prone mice
because of increased miR-155 expression (Thai et al., 2013).
Deletion of miR-155 increases SHIP-1 expression and pro-
tects from autoimmunity. MiR-155 levels are elevated in B
cells but not T cells of SLE patients and this is correlated with
disease activity (Stagakis et al., 2011), suggesting that both
negative regulators of the PI3K pathway may be compromised
in B cells and instigate autoimmunity in certain SLE patients.
SHP-1 protein levels are also reduced in B cells from a pro-
portion of lupus patients (Huck et al., 2001). Our data sug-
gest that these changes in protein levels destabilize the anergic
state, increasing the likelihood that autoreactive cells become
activated. Upstream of SHIP-1 and SHP-1, certain alleles of
Lyn and the kinase Csk, and the phosphatase PTPN22 that
regulate Lyn activity all predispose for development of SLE
and are predicted to decrease Lyn activity (Cambier, 2013).
These risk alleles may destabilize anergy by indirectly reduc-
ing SHIP-1 and SHP-1 activation in anergic cells.

Collectively, the results presented here demonstrate a
mechanism by which autoreactive B cells that are silenced
by anergy can become activated and drive the development
of autoimmunity in individuals that possess certain risk al-
leles. Future work will examine further the relationship
between genotype and the stability of anergy. Recently de-
scribed changes that occur in the anergic population preced-
ing development of autoimmune disease in diabetes (Smith
et al., 2015) and SLE patients (Quich et al., 2011) suggest
that loss of B cell anergy plays an important role in the de-
velopment of autoimmunity.

MATERIALS AND METHODS

Mice. Except where otherwise indicated, 6—16-wk-old
mice were used in all experiments. hCD20-TamCre animals
(Khalil et al., 2012) were intercrossed with mice carrying the
10sa26-flox-STOP-YFP allele (Srinivas et al., 2001), gener-
ating mice in which YFP is expressed in B cells upon Cre
activation. These mice were crossed with Ars/A1 (Benschop
et al., 2001) and MD4 (Goodnow et al., 1988) B cell an-
tigen receptor transgenic mice to generate hCD20-TamCre
x 1osa26-flox-STOP-YFP x Ars/Al and hCD20-TamCre
x 10sa26-flox-STOP-YFP x MD4 mice. B cells from these
mice will be referred to asWT Ars/A1 and MD4.To generate
mice in which SHIP-1 deletion can be induced in B cells,
these mice were crossed with SHIP-1"1 mice (gift from
J. Ravetch and S. Bolland, The Rockefeller University, New
York, NY; Karlsson et al., 2003). hCD20-TamCre x rosa26-
flox-STOP-YFP x Ars/A1 were also crossed to PTEN"/flox
mice (gift from R. Rickert, Sanford Burnham Prebys Med-
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ical Discovery Institute, La Jolla, CA; Anzelon et al., 2003)
and SHP-1%"%% mice (Pao et al., 2007) to generate mice
in which PTEN and SHP-1 deletion can be induced in an-
ergic B cells. To generate mice in which anergic B cells can
be induced to express a constitutively active PI3K pathway,
hCD20-TamCre x Ars/A1 mice were crossed with Rosa26-
flox-STOP-P110a“*~YFP mice (gift from K. Rajewsky, Max
Delbriick Center for Molecular Medicine, Berlin, Germany;
Srinivasan et al., 2009). These mice have a cassette encoding
a constitutively active form of P110a, the catalytic subunit
of PI3K, followed by an IRES and GFP gene and preceded
by a loxP-flanked STOP cassette, knocked into rosa26 locus.
Mice in which SHP-1 deficiency is constitutively restricted
to the B cell lineage were generated by crossing SHP-10%/flox
mice with mblcre mice (gift from M. Reth, Max Planck In-
stitute for Immunobiology and Epigenetics, Freiburg, Ger-
many; Hobeika et al., 2006). These lines were crossed with
Ars/Al to generate SHP-11* x Ars/A1 mice and mb1cre
x SHP-1%"1 x Arg/A1 mice. Mice in which SHIP-1 de-
ficiency is constitutive and restricted to the B cell lineage,
mb1-Cre x SHIP-1%V SHIP-1"#* x Ars/A1, mb1-Cre
x SHIP-1%"8 x Ars/A1 have been described previously
(O’Neill et al., 2011). Except where otherwise indicated in
adoptive transfer experiments C57BL/6 mice were used as
recipients. Mice were housed and bred in the Biological Re-
source Center at National Jewish Health or at the Univer-
sity of Colorado Denver Anschutz Medical Center Vivarium
(Aurora, CO), with the exception of C57BL/6 mice and
CD45.1 mice (B6.SJL-Ptprca Pepcb/Boy]) which were pur-
chased from The Jackson Laboratory. All experiments with
mice were performed in accordance with the regulations
and with approval of the National Jewish Health (Denver,
CO) and University of Colorado Denver Institutional Animal
Care and Use Committee.

Adoptive transfers and tamoxifen induction. 424 h before
adoptive transfer, C57BL/6 recipient mice were irradiated
with 200 rads. Alternatively, recipients were used without
prior irradiation. B cells from donor mice were enriched for
by depletion of CD43" cells with anti-CD43-conjugated
magnetic beads (MACS anti-mouse CD43; Miltenyi Biotec).
Resultant populations were >97% B cells based on B220
staining and FACS analysis. In most experiments, the donor B
cells were labeled with CellTrace Violet (Molecular Probes) at
5 uM for 4 min at room temperature before transfer. 0.5-2.5
X 10° B cells in 200 ul PBS were adoptively transferred by IV
injection. 24 h after transfer, Cre activity was induced by
tamoxifen treatment. Tamoxifen (T-5648; Sigma-Aldrich) was
dissolved in 10% ethanol (Decon Laboratories) and 90% corn
oil (Sigma-Aldrich) at 20 mg/ml. 100 pl (2 mg) was injected
IP on two consecutive days.

Antigens and immunization. To produce antigen for exper-

iments with MD4 B cells, HEL was chemically coupled to
SRBCs. SRBCs were purchased from the Colorado Serum
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Company and stored in sterile Alsever’s solution at 4°C. The
cells were washed three times in PBS before use. 1 ml packed
SRBC was resuspended in 15 ml PBS containing 5 mg/ml
HEL (Sigma-Aldrich).To cross-link, 1 ml of 50 mg/ml 1-eth-
yl-3-(3-dimethylaminopropyl) carbodiimide hydrochloride
(Sigma-Aldrich) in PBS was added, mixed, and incubated for
1 h at room temperature, with occasional agitation. Cells were
then washed four times in PBS and conjugation was con-
firmed by flow cytometry by staining with Dylight650-D1.3
anti-HEL. Mice were immunized with 200 pl 5% SRBC-HEL
in PBS by IP injection. For some experiments, we counted
the SRBC-HEL with a hemocytometer and immunized with
5 X 10° or 10* SRBC-HEL in 200 pl PBS by IP injection.

Phenotypic analysis by staining and FACS. Single-cell suspen-
sions of splenic cells were prepared, and red blood cells were
lysed using ammonium chloride TRIS. Cells were resus-
pended in PBS containing 1% FCS and 0.05% sodium azide
and incubated with an optimal amount of antibodies. For
analysis of cell surface markers, all cells were stained with
B220-PerCP (RA3-6B2; BioLegend) and biotinylated anti-
bodies were directed against the following molecules: CD5
(53-7.3; BD), CD22 (Cy34.1), CD45.2 (104; BioLegend),
CD80 (16-10A1; BD), CD95 (Jo2; BD), CXCR4 (2B11;
BD), CXCRS5 (2G8; BD), I[gM (b-7-6), IgD (JA12.5), I-Ab
(AF6-120.1; BD), and B220 (RA3-6B2). This was followed
by SA-PE-Cy7 (BioLegend) staining or stained directly with
PE-Cy7-conjugated antibodies directed against the follow-
ing: CD23 (B3B4; BioLegend), CD44 (IM7; BioLegend),
CD69 (H1.2F3; BioLegend), CD86 (GL-1; BioLegend);
CD138 (281-2, BioLegend). Cy34.1, b-7-6, JA12.3, and
RA3-6B2 were produced in our own laboratory and were
biotinylated using EZ-Link Sulfo-NHs-Biotin (Thermo
Fisher Scientific) according to the manufacturer’s protocol.
After cell surface staining, the cells were fixed and permeabi-
lized with Cytofix/Cytoperm (BD) and stained with Dy-
light650-E4 anti-Ars/A1 idiotype (produced and conjugated
in our laboratory) and Alexa Fluor 488—anti-GFP (rabbit
polyclonal; Life Technologies). For detection of intracellular
SHIP-1, splenocytes were first stained with PE-anti-B220,
fixed, and permeabilized with Cytofix/Cytoperm (BD) and
stained with affinity-purified rabbit Alexa Fluor 647—anti—
SHIP-1 (raised against murine SHIP-1 909-959 peptide;
Tamir et al., 2000) and Dylight450-E4—anti-Ars/A1 idiotype
(both produced and conjugated in our laboratory). To deter-
mine the kinetics of SHIP protein depletion after tamoxifen
treatment, we stained peripheral blood B cells intracellularly
for SHIP at the indicated time points. The mean fluorescent
intensity of SHIP staining of YFP" B cells was compared with
that of control C57BL/6 B cells (100%) and mb1-cre SHIP*?
B cells (0%). Events were collected on a CyAn ADP (Dako)
analyzed using FlowJo software (Tree Star).

Calculations to determine participation in the immune re-
sponse. To determine Ars/Al B cell localization in spleen, we
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determined the total number of YFP' Ars/Al B cells per
spleen by multiplying the total splenocyte count (using a
hemocytometer) with the percentage of YFP* E4" cells (as
determined by flow cytometry). The CellTrace Violet dye di-
lution profile was determined for the YFP" E4" population.
Using FlowJo, we were able to detect 8 peaks of violet dye
fluorescence intensity, peak 1 (undivided cells), peaks 2—7
(16 divisions) and peak 8 (>7 divisions). The total number of
cells in each division state was calculated by determining their
frequency among the YFP* E4™ population. The mean num-
ber of YFP" E4" cells present at day 7 (at this time there was
no proliferation [Fig. 3 B]) was assumed to reflect the starting
population (X). Participation in the immune response was de-
termined in two ways. Because a control population of aner-
gic B cells remained constant in size during the duration of
the experiment, we measured the number of undivided YFP*
E4" cells per spleen (Y) and calculated the relative decrease of
this population (X —Y)/X assuming that the decrement had
divided, participating in the response. We also estimated the
number of cells (S) that seeded the proliferative response ob-
served by dividing total number of cells in each dye-diluted
peak by the number of divisions undergone by cells of that
intensity: (Peak 2/2) + (Peak 3/4) + (Peak 4/8) + (Peak 5/16)
+ (Peak 6/32) + (Peak 7/64) + (Peak 8/128).These data are
presented as proportion of the starting population S/X. To
estimate the frequency of cells (P) that seeded the plasmablast
population we divided the total number of plasmablast (YFP*,
intracellular E4"™) by 128 because all YFP'E4" cells fell in
peak 8, having divided at least seven times. These data were
presented as proportion of the starting population P/X. The
frequency of MD4 B cells participating in a response was cal-
culated similarly by gating on B220"™ intracellular high
HEL binding" population.

Analysis of calcium mobilization. For measurements of intra-
cellular free calcium concentration ([Ca*'])), splenocytes were
simultaneously stained with APC-RA3-6B2 anti-B220 and
loaded with Indo-1 acetoxymethyl (Indo1-AM; Molecular
Probes), as described previously (Gauld et al., 2005). In some
experiments, PE-RA3-6B2 anti-B220 and Dylight650-b76
Fab anti-IgM (made in-house) was used instead of APC-
RA3-6B2 anti-B220. For analysis of [Ca®'];, cells were resus-
pended at 107 cells/ml in warm IMDM with 2% FCS in a
500 pl volume. After analysis for 30 s to establish the baseline,
cells were stimulated with 5 pg F(ab’), rabbit anti-mouse IgM
(p chain; Jackson ImmunoR esearch Laboratories, Inc.; or the
dose indicated in the figure) for 2.5 min. Mean relative [Ca®"];
was monitored over time using an LSR II flow cytometer
(BD) with analysis using Flow]Jo software (Tree Star).

Enzyme linked immunosorbent assay. For detection of IgM®
anti-p-Azophenylarsonate (Ars) antibodies, microtiter plates
were coated with 10 pg/ml Ars-BSA ;¢ in PBS and blocked
with 2% BSA in PBS 0.05% Tween-20. For detection of IgM*
anti-HEL antibodies, microtiter plates were coated with 10
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pg/ml HEL in PBS and blocked with 2% BSA in PBS 0.05%
Tween-20. Serial dilutions of mouse serum in PBS were
added and incubated overnight at 4°C. Ars/Al-derived IgM
anti-Ars antibodies were detected with biotinylated RS3.1
anti-IgM?, followed by Streptavidin-HRP (Thermo Fisher
Scientific). Between all steps, the plates were washed four
times with PBS-0.05% Tween-20.The ELISA was developed
with TMB single solution (Invitrogen) and the reaction was
stopped with 1N H,PO, (Sigma-Aldrich). The OD was de-
termined at 450 nm using aVER SAMax plate reader (Molec-
ular Devices),and the data were analyzed with Softmax software.

ELISPOT. For detection of IgM® anti-p-Azophenylarsonate
(Ars) antibodies, microtiter plates were coated with 10 pg/ml
Ars-BSA ¢ in PBS and blocked with 2% BSA in PBS 0.05%
Tween-20. For detection of IgM® anti-chromatin antibodies,
microtiter plates were coated with 10 pg/ml calf chromatin in
PBS with 1 mM EDTA, followed by incubation with block-
ing buffer (2% BSA in PBS 0.05% Tween-20, and 1 mM
EDTA). Before use, the plates were washed twice with PBS
and once with complete medium (IMDM supplemented
with 10% FCS, 1 mM sodium pyruvate, 2 mM L-glutamine,
100 U/ml Pen/Strep, 50 mg/ml gentamicin, and 0.1 mM
2-Me.). Spleens were disrupted in complete medium and red
blood cells were lysed. Two-fold serial dilutions were made
starting at 1/100 of a spleen in the first well. The plates were
incubated at 37°C for 6 h or overnight. Ars/Al-derived anti-
bodies were detected with biotinylated RS3.1 (anti-IgM?),
followed by Streptavidin-AP (SouthernBiotech). Between all
steps, the plates were washed four times with PBS-0.05%
Tween-20.The plates were developed by incubating with ELI
SPOT development bufter (25 pM 5-bromo-chloro-3-indo-
Iyl phosphate p-toluidine, 100 mM NaCl, 100 mM Tris, and
10 mM MgCl,, pH 9.5) for 1 h.The reaction was stopped by
washing the plate three times with double-distilled H,O.The
number of spots at a cell dilution in the linear range was de-
termined, and the number of ASCs was calculated.

ANA detection. Mouse sera were diluted to 1:40 (SHP-1fox)
or 1:100 (mblcre x SHP-1"¥"%) in PBS and incubated on
HEp-2 cell slides (BION) for 1 h at room temperature. The
slides were then washed in PBS, stained with Alexa Fluor 488
anti-mouse IgG (Molecular Probes) for 1 h at room tempera-
ture, washed, and mounted in Fluoromount G (SouthernBio-
tech). The slides were analyzed using a Leica DMRXA
microscope (ZEISS) under a 10X objective and further ana-
lyzed using Slidebook software.

Immunohistochemistry. Spleens were flash frozen in Tis-
sue-Tek OCT embedding media (Sakura) and 6 mm sections
were cut using a cryostat and thaw-mounted on Superfrost
Plus glass slides (Thermo Fisher Scientific), air dried for >3 h,
and kept at —80°C. Frozen slides were fixed in ice-cold ace-
tone for 5 min, air-dried, rehydrated in PBS, and blocked
with 5% FCS in PBS. The sections were stained with FITC-
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RA3-6B2 anti-B220 (BD), Dylight650-E4 anti-Ars/A1 idio-
type, and PE-BMS anti-F4/80 (BioLegend). The slides were
washed twice and mounted in fluoromount G (SouthernBio-
tech). Images were obtained using an Inverted 200M micro-
scope (ZEISS) under a 10X objective and further analyzed
using Slidebook software.

Statistics. Statistical analyses were performed using the un-
paired Student’s t test. P-values <0.05 (*) were considered
statistically significant. P-values <0.01 are represented by (¥*),
and p-values <0.005 are represented by (***).

ACKNOWLEDGMENTS

We thank Dr. Larry Wysocki for reagents; Drs. M. Reth, J. Ravetch, S. Bolland, R. Rick-
ert, and K. Rajewsky for mice; and Drs. Raul Torres and Lina Dimberg for reading the
manuscript and providing editorial suggestions.

This study was supported by the following National Institutes of Health grants:
RO1 Al077597, RO1 DK096492, and PO1 Al22295 (to J.C. Cambier).

The authors declare no competing financial interests.

Author contributions: A. Getahun, N.A. Beavers, and S.R. Larson performed the
experiments. M.J. Shlomchik provided essential reagents. A. Getahun and J.C. Cambier
designed the experiments, analyzed the data, and wrote the paper.

Submitted: 24 March 2015
Accepted: 10 March 2016

REFERENCES

Adachi, T., J. Wienands, C. Wakabayashi, H. Yakura, M. Reth, and T. Tsubata.
2001. SHP-1 requires inhibitory co-receptors to down-modulate B cell
antigen receptor-mediated phosphorylation of cellular substrates. J. Biol.
Chem. 276:26648-26655. http://dx.doi.org/10.1074/jbc.M100997200

Adelstein, S., H. Pritchard-Briscoe, T.A. Anderson, J. Crosbie, G. Gammon,
R.H. Loblay, A. Basten, and C.C. Goodnow. 1991. Induction of self-
tolerance in T cells but not B cells of transgenic mice expressing little
self antigen. Science. 251:1223—1225. http://dx.doi.org/10.1126/science
.1900950

Akerlund, J., A. Getahun, and J.C. Cambier. 2015. B cell expression of the
SH2-containing inositol 5-phosphatase (SHIP-1) is required to establish
anergy to high affinity, proteinacious autoantigens. J. Autoimmun. 62:45—
54. http://dx.doi.org/10.1016/j.jaut.2015.06.007

Anzelon, A.N., H. Wu, and R.C. Rickert. 2003. Pten inactivation alters
peripheral B lymphocyte fate and reconstitutes CD19 function. Nat.
Immunol. 4:287-294. http://dx.doi.org/10.1038/ni892

Benschop, R.J., K. Aviszus, X. Zhang, T. Manser, ]J.C. Cambier, and L.J.
Wysocki. 2001. Activation and anergy in bone marrow B cells of a
novel immunoglobulin transgenic mouse that is both hapten specific
and autoreactive. Immunity. 14:33—43. http://dx.doi.org/10.1016/S1074
-7613(01)00087-5

Browne, C.D., CJ. Del Nagro, M.H. Cato, H.S. Dengler, and R.C.
Rickert. 2009. Suppression of phosphatidylinositol 3,4,5-trisphosphate
production is a key determinant of B cell anergy. Immunity. 31:749-760.
http://dx.doi.org/10.1016/j.immuni.2009.08.026

Cambier, J.C. 2013. Autoimmunity risk alleles: hotspots in B cell regulatory
signaling pathways. J. Clin. Invest. 123:1928-1931. http://dx.doi.org/10
1172/JC169289

Casola, S., K.L. Otipoby, M. Alimzhanov, S. Humme, N. Uyttersprot, J.L.
Kutok, M.C. Carroll, and K. Rajewsky. 2004. B cell receptor signal
strength determines B cell fate. Nat. Immunol. 5:317-327. http://dx.doi
.org/10.1038/ni1036

Inhibitory signaling is required for B cell anergy | Getahun et al.


http://dx.doi.org/10.1074/jbc.M100997200
http://dx.doi.org/10.1126/science.1900950
http://dx.doi.org/10.1126/science.1900950
http://dx.doi.org/10.1016/j.jaut.2015.06.007
http://dx.doi.org/10.1038/ni892
http://dx.doi.org/10.1016/S1074-7613(01)00087-5
http://dx.doi.org/10.1016/S1074-7613(01)00087-5
http://dx.doi.org/10.1016/j.immuni.2009.08.026
http://dx.doi.org/10.1172/JCI69289
http://dx.doi.org/10.1172/JCI69289
http://dx.doi.org/10.1038/ni1036
http://dx.doi.org/10.1038/ni1036

Condé, C., X. Rambout, M. Lebrun, A. Lecat, E. Di Valentin, E Dequiedt, J.
Piette, G. Gloire, and S. Legrand. 2012. The inositol phosphatase SHIP-1
inhibits NOD2-induced NF-kB activation by disturbing the interaction
of XIAP with RIP2. PLoS One. 7:¢41005. http://dx.doi.org/10.1371/
journal.pone.0041005

Cornall, R J., J.G. Cyster, M.L. Hibbs, A.R. Dunn, K.L. Otipoby, E.A. Clark,
and C.C. Goodnow. 1998. Polygenic autoimmune traits: Lyn, CD22, and
SHP-1 are limiting elements of a biochemical pathway regulating BCR
signaling and selection. Immunity. 8:497-508. http://dx.doi.org/10.1016
/81074-7613(00)80554-3

Cyster, J.G., and C.C. Goodnow. 1995. Protein tyrosine phosphatase 1C
negatively regulates antigen receptor signaling in B lymphocytes and
determines thresholds for negative selection. Immunity. 2:13-24. http://
dx.doi.org/10.1016/1074-7613(95)90075-6

Diz, R., S.K. McCray, and S.H. Clarke. 2008. B cell receptor affinity and B
cell subset identity integrate to define the effectiveness, affinity threshold,
and mechanism of anergy. J. Inmunol. 181:3834-3840. http://dx.doi.org
/10.4049/jimmunol.181.6.3834

Duty,J.A., P. Szodoray, N.Y. Zheng, K.A. Koelsch, Q. Zhang, M. Swiatkowski,
M. Mathias, L. Garman, C. Helms, B. Nakken, et al. 2009. Functional
anergy in a subpopulation of naive B cells from healthy humans that
express autoreactive immunoglobulin receptors. J. Exp. Med. 206:139—
151. http://dx.doi.org/10.1084/jem.20080611

Edwards,].C.,L.Szczepanski, ]. Szechinski, A. Filipowicz-Sosnowska, P. Emery,
D.R. Close, R.M. Stevens, and T. Shaw. 2004. Efficacy of B-cell-targeted
therapy with rituximab in patients with rheumatoid arthritis. N. Engl. J.
Med. 350:2572-2581. http://dx.doi.org/10.1056/NEJMo0a032534

Feuerstein, N., E Chen, M. Madaio, M. Maldonado, and R.A. Eisenberg.
1999. Induction of autoimmunity in a transgenic model of B cell recep-
tor peripheral tolerance: changes in coreceptors and B cell receptor-in-
duced tyrosine-phosphoproteins. J. Immunol. 163:5287-5297.

Fulcher, D.A., A.B. Lyons, S.L. Korn, M.C. Cook, C. Koleda, C. Parish, B.
Fazekas de St Groth, and A. Basten. 1996.The fate of self-reactive B cells
depends primarily on the degree of antigen receptor engagement and
availability of T cell help. J. Exp. Med. 183:2313-2328. http://dx.doi.org
/10.1084/jem.183.5.2313

Gauld, S.B.,R.J. Benschop, K.T. Merrell,and J.C. Cambier. 2005. Maintenance
of B cell anergy requires constant antigen receptor occupancy and
signaling. Nat. Immunol. 6:1160-1167. http://dx.doi.org/10.1038/
ni1256

Gay, D., T. Saunders, S. Camper, and M. Weigert. 1993. Receptor editing:
an approach by autoreactive B cells to escape tolerance. J. Exp. Med.
177:999-1008. http://dx.doi.org/10.1084/jem.177.4.999

Goodnow, C.C., R. Brink, and E. Adams. 1991. Breakdown of self-tolerance
in anergic B lymphocytes. Nature. 352:532-536. http://dx.doi.org/10
.1038/352532a0

Goodnow, C.CJ., J. Crosbie, S. Adelstein, T.B. Lavoie, S.J. Smith-Gill, R.A.
Brink, H. Pritchard-Briscoe, J.S. Wotherspoon, R.H. Loblay, K. Raphael,
et al. 1988. Altered immunoglobulin expression and functional silencing
of self-reactive B lymphocytes in transgenic mice. Nature. 334:676-682.
http://dx.doi.org/10.1038/334676a0

Grammer, A.C., and PE. Lipsky. 2003. B cell abnormalities in systemic lupus
erythematosus. Arthritis Res. Ther. 5(Suppl 4):522—S27. http://dx.doi.org
/10.1186/ar1009

Hardy, R.R. 2006. B-1 B cells: development, selection, natural autoantibody
and leukemia. Curr. Opin. Immunol. 18:547-555. http://dx.doi.org/10
.1016/§.¢01.2006.07.010

Hargreaves, D.C., PL. Hyman, T.T. Lu, V.N. Ngo, A. Bidgol, G. Suzuki, Y.R.
Zou, DR. Littman, and J.G. Cyster. 2001. A coordinated change in
chemokine responsiveness guides plasma cell movements. J. Exp. Med.
194:45-56. http://dx.doi.org/10.1084/jem.194.1.45

Hauser, S.L., E. Waubant, D.L. Arnold, T. Vollmer, J. Antel, R.J. Fox, A.
Bar-Or, M. Panzara, N. Sarkar, S. Agarwal, et al. HERMES Trial Group.

JEM Vol. 213, No. 5

2008. B-cell depletion with rituximab in relapsing-remitting multiple
sclerosis. N. Engl. J. Med. 358:676-688. http://dx.doi.org/10.1056/
NEJMoa0706383

Herlands, R.A., J. William, U. Hershberg, and M.J. Shlomchik. 2007. Anti-
chromatin antibodies drive in vivo antigen-specific activation and
somatic hypermutation of rheumatoid factor B cells at extrafollicular
sites. Eur. J. Immunol. 37:3339-3351. http://dx.doi.org/10.1002/eji
.200737752

Herlands, R.A., S.R. Christensen, R.A. Sweet, U. Hershberg, and M.].
Shlomchik. 2008. T cell-independent and toll-like receptor-dependent
antigen-driven activation of autoreactive B cells. Immunity. 29:249-260.
http://dx.doi.org/10.1016/j.immuni.2008.06.009

Hippen, K.L., B.R. Schram, L.E. Tze, K.A. Pape, M.K. Jenkins, and T.W.
Behrens. 2005. In vivo assessment of the relative contributions of
deletion, anergy, and editing to B cell self-tolerance. J. Immunol. 175:909—
916. http://dx.doi.org/10.4049/jimmunol.175.2.909

Ho, W.Y., M.P. Cooke, C.C. Goodnow, and M.M. Davis. 1994. Resting and
anergic B cells are defective in CD28-dependent costimulation of naive
CD4+ T cells. J. Exp. Med. 179:1539—-1549. http://dx.doi.org/10.1084
/3em.179.5.1539

Hobeika, E., S. Thiemann, B. Storch, H. Jumaa, PJ. Nielsen, R. Pelanda, and
M. Reth. 2006. Testing gene function early in the B cell lineage in mb1-
cre mice. Proc. Natl. Acad. Sci. USA. 103:13789-13794. http://dx.doi.org
/10.1073/pnas.0605944103

Huck, S.,R.. Le Corre, P.Youinou, and M. Zouali. 2001. Expression of B cell
receptor-associated signaling molecules in human lupus. Autoimmunity.
33:213-224. http://dx.doi.org/10.3109/08916930109008048

Jun, J.E., and C.C. Goodnow. 2003. Scaffolding of antigen receptors for
immunogenic versus tolerogenic signaling. Nat. Immunol. 4:1057-1064.
http://dx.doi.org/10.1038/ni1001

Karlsson, M.C., R. Guinamard, S. Bolland, M. Sankala, R.M. Steinman, and
J.V.Ravetch. 2003. Macrophages control the retention and trafficking of
B lymphocytes in the splenic marginal zone. J. Exp. Med. 198:333-340.
http://dx.doi.org/10.1084/jem.20030684

Khalil, A.M., J.C. Cambier, and M.J. Shlomchik. 2012. B cell receptor signal
transduction in the GC is short-circuited by high phosphatase activity.
Science. 336:1178-1181. http://dx.doi.org/10.1126/science.1213368

Kraus, M., K. Saijo, R.M. Torres, and K. Rajewsky. 1999. Ig-alpha cytoplasmic
truncation renders immature B cells more sensitive to antigen contact.
Immunity. 11:537-545. http://dx.doi.org/10.1016/S1074-7613(00)80129-6

Lamagna, C.,Y. Hu,A.L. DeFranco, and C.A. Lowell. 2014. B cell-specific loss
of Lyn kinase leads to autoimmunity. J. Immunol. 192:919-928. http://dx
.doi.org/10.4049/jimmunol.1301979

Landego, I., N. Jayachandran, S. Wullschleger, T.T. Zhang, I.W. Gibson, A.
Miller, D.R. Alessi, and A.J. Marshall. 2012. Interaction of TAPP adapter
proteins with phosphatidylinositol (3,4)-bisphosphate regulates B-cell
activation and autoantibody production. Eur. J. Immunol. 42:2760-2770.
http://dx.doi.org/10.1002/¢ji.201242371

Lesley, R.,Y. Xu, S.L. Kalled, D.M. Hess, S.R. Schwab, H.B. Shu, and J.G.
Cyster. 2004. Reduced competitiveness of autoantigen-engaged B cells
due to increased dependence on BAFE Immunity. 20:441-453. http://dx
.doi.org/10.1016/S1074-7613(04)00079-2

Leung, W.H., T. Tarasenko, Z. Biesova, H. Kole, E.R. Walsh, and S. Bolland.
2013. Aberrant antibody affinity selection in SHIP-deficient B cells. Eur.
J Immunol. 43:371-381. http://dx.doi.org/10.1002/¢ji.201242809

Liu, Q., AJ. Oliveira-Dos-Santos, S. Mariathasan, D. Bouchard, J. Jones, R.
Sarao, I. Kozieradzki, P.S. Ohashi, J.M. Penninger, and D.J. Dumont. 1998.
The inositol polyphosphate 5-phosphatase ship is a crucial negative
regulator of B cell antigen receptor signaling. J. Exp. Med. 188:1333—
1342. http://dx.doi.org/10.1084/jem.188.7.1333

Maxwell, M.J., M. Duan, J.E. Armes, G.P. Anderson, D.M. Tarlinton, and
M.L. Hibbs. 2011. Genetic segregation of inflammatory lung disease and

767


http://dx.doi.org/10.1371/journal.pone.0041005
http://dx.doi.org/10.1371/journal.pone.0041005
http://dx.doi.org/10.1016/S1074-7613(00)80554-3
http://dx.doi.org/10.1016/S1074-7613(00)80554-3
http://dx.doi.org/10.1016/1074-7613(95)90075-6
http://dx.doi.org/10.1016/1074-7613(95)90075-6
http://dx.doi.org/10.4049/jimmunol.181.6.3834
http://dx.doi.org/10.4049/jimmunol.181.6.3834
http://dx.doi.org/10.1084/jem.20080611
http://dx.doi.org/10.1056/NEJMoa032534
http://dx.doi.org/10.1084/jem.183.5.2313
http://dx.doi.org/10.1084/jem.183.5.2313
http://dx.doi.org/10.1038/ni1256
http://dx.doi.org/10.1038/ni1256
http://dx.doi.org/10.1084/jem.177.4.999
http://dx.doi.org/10.1038/352532a0
http://dx.doi.org/10.1038/352532a0
http://dx.doi.org/10.1038/334676a0
http://dx.doi.org/10.1186/ar1009
http://dx.doi.org/10.1186/ar1009
http://dx.doi.org/10.1016/j.coi.2006.07.010
http://dx.doi.org/10.1016/j.coi.2006.07.010
http://dx.doi.org/10.1084/jem.194.1.45
http://dx.doi.org/10.1056/NEJMoa0706383
http://dx.doi.org/10.1056/NEJMoa0706383
http://dx.doi.org/10.1002/eji.200737752
http://dx.doi.org/10.1002/eji.200737752
http://dx.doi.org/10.1016/j.immuni.2008.06.009
http://dx.doi.org/10.4049/jimmunol.175.2.909
http://dx.doi.org/10.1084/jem.179.5.1539
http://dx.doi.org/10.1084/jem.179.5.1539
http://dx.doi.org/10.1073/pnas.0605944103
http://dx.doi.org/10.1073/pnas.0605944103
http://dx.doi.org/10.3109/08916930109008048
http://dx.doi.org/10.1038/ni1001
http://dx.doi.org/10.1084/jem.20030684
http://dx.doi.org/10.1126/science.1213368
http://dx.doi.org/10.1016/S1074-7613(00)80129-6
http://dx.doi.org/10.4049/jimmunol.1301979
http://dx.doi.org/10.4049/jimmunol.1301979
http://dx.doi.org/10.1002/eji.201242371
http://dx.doi.org/10.1016/S1074-7613(04)00079-2
http://dx.doi.org/10.1016/S1074-7613(04)00079-2
http://dx.doi.org/10.1002/eji.201242809
http://dx.doi.org/10.1084/jem.188.7.1333

JEM

autoimmune disease severity in SHIP-1~"~ mice. J. Immunol. 186:7164—
7175. http://dx.doi.org/10.4049/jimmunol. 1004185

Merrell, K.T., R J. Benschop, S.B. Gauld, K. Aviszus, D. Decote-Ricardo, L.]J.
‘Wysocki, and J.C. Cambier. 2006. Identification of anergic B cells within
a wild-type repertoire. Immunity. 25:953-962. http://dx.doi.org/10
.1016/7.immuni.2006.10.017

Mizuno, K., Y. Tagawa, K. Mitomo, Y. Arimura, N. Hatano, T. Katagiri, M.
Ogimoto, and H.Yakura. 2000. Src homology region 2 (SH2) domain-
containing phosphatase-1 dephosphorylates B cell linker protein/SH2
domain leukocyte protein of 65 kDa and selectively regulates c-Jun
NH2-terminal kinase activation in B cells. J. Immunol. 165:1344-1351.
http://dx.doi.org/10.4049/jimmunol.165.3.1344

Nemazee, D.A., and K. Biirki. 1989. Clonal deletion of B lymphocytes in
a transgenic mouse bearing anti-MHC class I antibody genes. Nature.
337:562-566. http://dx.doi.org/10.1038/337562a0

Nickerson, K.M., S.R. Christensen, J.L. Cullen, W. Meng, E.T. Luning Prak,
and M.J. Shlomchik. 2013a. TLR9 promotes tolerance by restricting
survival of anergic anti-DNA B cells, yet is also required for their
activation. J. Immunol. 190:1447-1456. http://dx.doi.org/10.4049/
jimmunol.1202115

Nickerson, K.M., J.L. Cullen, M. Kashgarian, and M.]J. Shlomchik. 2013b.
Exacerbated autoimmunity in the absence of TLR9 in MRL.Fas(lpr)
mice depends on Ifnarl. J. Immunol. 190:3889-3894. http://dx.doi.org
/10.4049/jimmunol.1203525

Nishizumi, H., K. Horikawa, I. Mlinaric-Rascan, and T. Yamamoto. 1998. A
double-edged kinase Lyn: a positive and negative regulator for antigen
receptor-mediated signals. J. Exp. Med. 187:1343—1348. http://dx.doi
.org/10.1084/jem.187.8.1343

O’Neill, SK., A. Getahun, S.B. Gauld, K.T. Merrell, I. Tamir, M.J. Smith,
J.M. Dal Porto, Q.Z. Li, and J.C. Cambier. 2011. Monophosphorylation
of CD79a and CD79b ITAM motifs initiates a SHIP-1 phosphatase-
mediated inhibitory signaling cascade required for B cell anergy. Immunity.
35:746-756. http://dx.doi.org/10.1016/j.immuni.2011.10.011

Omori, S.A., M.H. Cato, A. Anzelon-Mills, K.D. Puri, M. Shapiro-Shelef,
K. Calame, and R.C. Rickert. 2006. Regulation of class-switch
recombination and plasma cell differentiation by phosphatidylinositol
3-kinase signaling. Immunity. 25:545-557. http://dx.doi.org/10.1016/j
1mmuni.2006.08.015

Ono, M., H. Okada, S. Bolland, S. Yanagi, T. Kurosaki, and J.V. Ravetch.
1997. Deletion of SHIP or SHP-1 reveals two distinct pathways for
inhibitory signaling. Cell. 90:293-301. http://dx.doi.org/10.1016/
S0092-8674(00)80337-2

Packard, T.A., and J.C. Cambier. 2013. B lymphocyte antigen receptor
signaling: initiation, amplification, and regulation. F1000Prime Rep. 5:40.
http://dx.doi.org/10.12703/P5-40

Pao, L.I., S.J. Famiglietti, and J.C. Cambier. 1998. Asymmetrical phosphory-
lation and function of immunoreceptor tyrosine-based activation motif
tyrosines in B cell antigen receptor signal transduction. J. Immunol.
160:3305-3314.

Pao, L.I., K.P. Lam, J.M. Henderson, J.L. Kutok, M. Alimzhanov, L. Nitschke,
M.L.Thomas, B.G. Neel, and K. Rajewsky. 2007. B cell-specific deletion
of protein-tyrosine phosphatase Shp1 promotes B-1a cell development
and causes systemic autoimmunity. Immunity. 27:35-48. http://dx.doi
.org/10.1016/j.immuni.2007.04.016

Pescovitz, M.D., CJ. Greenbaum, H. Krause-Steinrauf, D.J. Becker, S.E.
Gitelman, R. Goland, PA. Gottlieb, J.B. Marks, PE McGee, A.M.
Moran, et al. Type 1 Diabetes TrialNet Anti-CD20 Study Group. 2009.
Rituximab, B-lymphocyte depletion, and preservation of beta-cell
function. N. Engl. J. Med. 361:2143-2152. http://dx.doi.org/10.1056/
NEJMo0a0904452

Quich, T.D., N. Manjarrez-Ordufio, D.G. Adlowitz, L. Silver, H.Yang, C. Wei,
E.C. Milner, and I. Sanz. 2011. Anergic responses characterize a large

768

fraction of human autoreactive naive B cells expressing low levels of
surface IgM. J. Immunol. 186:4640-4648. http://dx.doi.org/10.4049/
jimmunol.1001946

Rathmell, J.C., M.P. Cooke, W.Y. Ho, J. Grein, S.E. Townsend, M.M. Davis,
and C.C. Goodnow. 1995. CD95 (Fas)-dependent elimination of self-
reactive B cells upon interaction with CD4" T cells. Nature. 376:181—
184. http://dx.doi.org/10.1038/376181a0

Rathmell, J.C., S. Fournier, B.C. Weintraub, J.P. Allison, and C.C.
Goodnow. 1998. Repression of B7.2 on self-reactive B cells is
essential to prevent proliferation and allow Fas-mediated deletion by
CD4" T cells. J. Exp. Med. 188:651-659. http://dx.doi.org/10.1084
/jem.188.4.651

Seo, S.J., M.L. Fields, J.L. Buckler, A.J. Reed, L. Mandik-Nayak, S.A. Nish,
R.J. Noelle, L.A. Turka, ED. Finkelman, A J. Caton, and J. Erikson. 2002.
The impact of T helper and T regulatory cells on the regulation of anti-
double-stranded DNA B cells. Immunity. 16:535-546. http://dx.doi.org
/10.1016/S1074-7613(02)00298-4

Serreze, D.V., S.A. Fleming, H.D. Chapman, S.D. Richard, E.H. Leiter, and
R.M. Tisch. 1998. B lymphocytes are critical antigen-presenting cells
for the initiation of T cell-mediated autoimmune diabetes in nonobese
diabetic mice. J. Immunol. 161:3912-3918.

Smith, MJ., T.A. Packard, S.K. O’Neill, CJ. Henry Dunand, M. Huang, L.
Fitzgerald-Miller, D. Stowell, R.M. Hinman, P.C. Wilson, P.A. Gottlieb,
and J.C. Cambier. 2015. Loss of anergic B cells in prediabetic and new-
onset type 1 diabetic patients. Diabetes. 64:1703—1712. http://dx.doi.org
/10.2337/db13-1798

Srinivas, S.,T. Watanabe, C.S. Lin, C.M. William, Y. Tanabe, T.M. Jessell, and E
Costantini. 2001. Cre reporter strains produced by targeted insertion of
EYFP and ECFP into the ROSA26 locus. BMC Dev. Biol. 1:4. http://dx
.doi.org/10.1186/1471-213X-1-4

Srinivasan, L., Y. Sasaki, D.P. Calado, B. Zhang, J.H. Paik, R.A. DePinho, J.L.
Kutok, J.E Kearney, K.L. Otipoby, and K. Rajewsky. 2009. PI3 kinase
signals BCR-dependent mature B cell survival. Cell. 139:573-586. http
://dx.doi.org/10.1016/j.cell.2009.08.041

Stagakis, E., G. Bertsias, P. Verginis, M. Nakou, M. Hatziapostolou, H.
Kritikos, D. Iliopoulos, and D.T. Boumpas. 2011. Identification of
novel microRNA signatures linked to human lupus disease activity
and pathogenesis: miR-21 regulates aberrant T cell responses through
regulation of PDCD4 expression. Ann. Rheum. Dis. 70:1496-1506. http
://dx.doi.org/10.1136/ard.2010.139857

Suvas, S.,V. Singh, S. Sahdev, H.Vohra, and J.N. Agrewala. 2002. Distinct role
of CD80 and CD86 in the regulation of the activation of B cell and
B cell lymphoma. J. Biol. Chem. 277:7766—7775. http://dx.doi.org/10
.1074/jbc.M105902200

Takata, M., H. Sabe, A. Hata, T. Inazu,Y. Homma, T. Nukada, H. Yamamura,
and T. Kurosaki. 1994. Tyrosine kinases Lyn and Syk regulate B cell re-
ceptor-coupled Ca2+ mobilization through distinct pathways. EMBO
J 13:1341-1349.

Tamir, I, ].C. Stolpa, C.D. Helgason, K. Nakamura, P. Bruhns, M. Daeron, and
J.C. Cambier. 2000. The RasGAP-binding protein p62dok is a mediator
of inhibitory FcgammaRIIB signals in B cells. Immunity. 12:347-358.
http://dx.doi.org/10.1016/S1074-7613(00)80187-9

Thai, T.H., H.C. Patterson, D.H. Pham, K. Kis-Toth, D.A. Kaminski, and
G.C. Tsokos. 2013. Deletion of microRNA-155 reduces autoantibody
responses and alleviates lupus-like disease in the Fas(lpr) mouse. Proc.
Natl. Acad. Sci. USA. 110:20194-20199. http://dx.doi.org/10.1073/
pnas. 1317632110

Thien, M., T.G. Phan, S. Gardam, M. Amesbury, A. Basten, E Mackay, and R.
Brink. 2004. Excess BAFF rescues self-reactive B cells from peripheral
deletion and allows them to enter forbidden follicular and marginal zone
niches. Immunity. 20:785-798. http://dx.doi.org/10.1016/j.immuni
.2004.05.010

Inhibitory signaling is required for B cell anergy | Getahun et al.


http://dx.doi.org/10.4049/jimmunol.1004185
http://dx.doi.org/10.1016/j.immuni.2006.10.017
http://dx.doi.org/10.1016/j.immuni.2006.10.017
http://dx.doi.org/10.4049/jimmunol.165.3.1344
http://dx.doi.org/10.1038/337562a0
http://dx.doi.org/10.4049/jimmunol.1202115
http://dx.doi.org/10.4049/jimmunol.1202115
http://dx.doi.org/10.4049/jimmunol.1203525
http://dx.doi.org/10.4049/jimmunol.1203525
http://dx.doi.org/10.1084/jem.187.8.1343
http://dx.doi.org/10.1084/jem.187.8.1343
http://dx.doi.org/10.1016/j.immuni.2011.10.011
http://dx.doi.org/10.1016/j.immuni.2006.08.015
http://dx.doi.org/10.1016/j.immuni.2006.08.015
http://dx.doi.org/10.1016/S0092-8674(00)80337-2
http://dx.doi.org/10.1016/S0092-8674(00)80337-2
http://dx.doi.org/10.12703/P5-40
http://dx.doi.org/10.1016/j.immuni.2007.04.016
http://dx.doi.org/10.1016/j.immuni.2007.04.016
http://dx.doi.org/10.1056/NEJMoa0904452
http://dx.doi.org/10.1056/NEJMoa0904452
http://dx.doi.org/10.4049/jimmunol.1001946
http://dx.doi.org/10.4049/jimmunol.1001946
http://dx.doi.org/10.1038/376181a0
http://dx.doi.org/10.1084/jem.188.4.651
http://dx.doi.org/10.1084/jem.188.4.651
http://dx.doi.org/10.1016/S1074-7613(02)00298-4
http://dx.doi.org/10.1016/S1074-7613(02)00298-4
http://dx.doi.org/10.2337/db13-1798
http://dx.doi.org/10.2337/db13-1798
http://dx.doi.org/10.1186/1471-213X-1-4
http://dx.doi.org/10.1186/1471-213X-1-4
http://dx.doi.org/10.1016/j.cell.2009.08.041
http://dx.doi.org/10.1016/j.cell.2009.08.041
http://dx.doi.org/10.1136/ard.2010.139857
http://dx.doi.org/10.1136/ard.2010.139857
http://dx.doi.org/10.1074/jbc.M105902200
http://dx.doi.org/10.1074/jbc.M105902200
http://dx.doi.org/10.1016/S1074-7613(00)80187-9
http://dx.doi.org/10.1073/pnas.1317632110
http://dx.doi.org/10.1073/pnas.1317632110
http://dx.doi.org/10.1016/j.immuni.2004.05.010
http://dx.doi.org/10.1016/j.immuni.2004.05.010

Tiegs, S.L., D.M. Russell, and D. Nemazee. 1993. Receptor editing in self-
reactive bone marrow B cells. J. Exp. Med. 177:1009-1020. http://dx.doi
.org/10.1084/jem.177.4.1009

Tridandapani, S., M. Pradhan, J.R.. LaDine, S. Garber, C.L.Anderson, and K.M.
Coggeshall. 1999. Protein interactions of Src homology 2 (SH2) do-
main-containing inositol phosphatase (SHIP): association with She dis-
places SHIP from FcgammaRIIb in B cells. J. Inmunol. 162:1408—1414.

‘Wardemann, H., S. Yurasov, A. Schaefer, J.W. Young, E. Meffre, and M.C.
Nussenzweig. 2003. Predominant autoantibody production by early
human B cell precursors. Science. 301:1374-1377. http://dx.doi.org/10
.1126/science. 1086907

William, J., C. Euler, S. Christensen, and M.J. Shlomchik. 2002. Evolution of
autoantibody responses via somatic hypermutation outside of germinal
centers. Science.  297:2066-2070. http://dx.doi.org/10.1126/science
1073924

William, J., C. Euler, and M.J. Shlomchik. 2005. Short-lived plasmablasts

dominate the early spontaneous rheumatoid factor response:

JEM Vol. 213, No. 5

differentiation  pathways, hypermutating cell types, and affinity
maturation outside the germinal center. J. Immunol. 174:6879-6887. http
://dx.doi.org/10.4049/jimmunol.174.11.6879

Wong, ES., L. Wen, M. Tang, M. Ramanathan, I. Visintin, J. Daugherty, L.G.
Hannum, C.A. Janeway Jr., and M.J. Shlomchik. 2004. Investigation
of the role of B-cells in type 1 diabetes in the NOD mouse. Diabetes.
53:2581-2587. http://dx.doi.org/10.2337/diabetes.53.10.2581

Wu, X.N.,Y.X. Ye, J.W. Niu, Y. Li, X. Li, X. You, H. Chen, L.D. Zhao, X.E
Zeng, EC. Zhang, et al. 2014. Defective PTEN regulation contributes
to B cell hyperresponsiveness in systemic lupus erythematosus. Sci. Transl.
Med. 6:246ra99. http://dx.doi.org/10.1126/scitranslmed.3009131

Yamashita, T., R. Suzuki, PS. Backlund,Y.Yamashita, A.L.Yergey, and J. Rivera.
2008.Difterential dephosphorylation of the FcR gamma immunoreceptor
tyrosine-based activation motif tyrosines with dissimilar potential for
activating Syk. J. Biol. Chem. 283:28584-28594. http://dx.doi.org/10
.1074/jbc.M802679200

769


http://dx.doi.org/10.1084/jem.177.4.1009
http://dx.doi.org/10.1084/jem.177.4.1009
http://dx.doi.org/10.1126/science.1086907
http://dx.doi.org/10.1126/science.1086907
http://dx.doi.org/10.1126/science.1073924
http://dx.doi.org/10.1126/science.1073924
http://dx.doi.org/10.4049/jimmunol.174.11.6879
http://dx.doi.org/10.4049/jimmunol.174.11.6879
http://dx.doi.org/10.2337/diabetes.53.10.2581
http://dx.doi.org/10.1126/scitranslmed.3009131
http://dx.doi.org/10.1074/jbc.M802679200
http://dx.doi.org/10.1074/jbc.M802679200

