
ARTICLE

Active PI3K abrogates central tolerance in
high-avidity autoreactive B cells
Sarah A. Greaves1, Jacob N. Peterson1, Pamela Strauch1, Raul M. Torres1,2, and Roberta Pelanda1,2

Autoreactive B cells that bind self-antigen with high avidity in the bone marrow undergo mechanisms of central tolerance that
prevent their entry into the peripheral B cell population. These mechanisms are breached in many autoimmune patients,
increasing their risk of B cell–mediated autoimmune diseases. Resolving the molecular pathways that can break central B cell
tolerance could therefore provide avenues to diminish autoimmunity. Here, we show that B cell–intrinsic expression of a
constitutively active form of PI3K-P110α by high-avidity autoreactive B cells of mice completely abrogates central B cell
tolerance and further promotes these cells to escape from the bone marrow, differentiate in peripheral tissue, and undergo
activation in response to self-antigen. Upon stimulation with T cell help factors, these B cells secrete antibodies in vitro but
remain unable to secrete autoantibodies in vivo. Overall, our data demonstrate that activation of the PI3K pathway leads high-
avidity autoreactive B cells to breach central, but not late, stages of peripheral tolerance.

Introduction
Mechanisms of B cell tolerance have evolved to reduce the au-
toreactive capacity of the immune system and the chance of de-
veloping autoimmunity. The large numbers of autoreactive B cells
that are generated daily in the bonemarrow (Grandien et al., 1994;
Wardemann et al., 2003) are negatively selected via three distinct
processes of central B cell tolerance: anergy, receptor editing, and
clonal deletion. During central tolerance, immature B cells with
B cell antigen receptors (BCRs) that bind self-antigen with a low-
avidity exit the bone marrow but are rendered anergic and unable
to contribute to immune responses (reviewed in Cambier et al.,
2007; Goodnow et al., 2010). In contrast, B cells with BCRs that
bind self-antigen with higher avidity undergo receptor editing, a
process duringwhich immature B cells continue to rearrange their
Ig light chain genes to form a new BCR (Nemazee, 2006; Pelanda
and Torres, 2006; Lang et al., 2016). To reinforce central tolerance,
autoreactive B cells that undergo editing but fail to produce non-
autoreactive antigen receptors undergo clonal deletion (Halverson
et al., 2004; Pelanda and Torres, 2012).

To exit the bone marrow and enter the peripheral B cell
compartment, immature B cells must generate a “tonic” signal
downstream of a nonautoreactive (ligand independent), or a
slightly autoreactive, BCR (Bannish et al., 2001; Tze et al., 2005;
Wen et al., 2005). This tonic signal is crucial for the bone
marrow export of newly generated B cells, their differentiation
into transitional and mature cell stages, and their long-term

survival in the periphery (Lam et al., 1997; Loder et al., 1999;
Kouskoff et al., 2000; Kraus et al., 2004; Pelanda and Torres,
2012). The specific biochemical pathways that regulate BCR
tonic signaling have yet to be fully elucidated. Elucidation of
these pathways is important, because their activation in autor-
eactive cells could skew central B cell selection toward enhanced
generation of autoreactive cells, a phenomenon observed in
many patients afflicted by autoimmune disorders (Samuels
et al., 2005; Yurasov et al., 2005; Kinnunen et al., 2013; Tipton
et al., 2015). The signaling mediators rat sarcoma (RAS), ERK,
and phosphoinositide 3-kinase (PI3K), which encompass small
GTPases, MAP kinases, and lipid kinases, respectively, are in-
volved in many fundamental cellular processes in all cell types,
including B cells (Okkenhaug and Vanhaesebroeck, 2003;
Rajalingam et al., 2007; Roskoski, 2012). By using mouse models
of central B cell tolerance, we have previously shown that basal
activation of both RAS and ERK is higher in bone marrow
nonautoreactive immature B cells compared with autoreactive
cells (Rowland et al., 2010a; Teodorovic et al., 2014). Moreover,
bone marrow culture studies with pharmacologic inhibitors
have indicated that both active ERK and PI3K are required for
the differentiation of nonautoreactive immature B cells to the
transitional stage (Teodorovic et al., 2014). Furthermore, intro-
duction of the constitutively active form of NRAS, NRASD12, in
autoreactive immature B cells leads to partial break of central
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tolerance via a process requiring both the ERK and PI3K sig-
naling cascades (Teodorovic et al., 2014). However, when we
studied mice with a constitutively active form of mitogen-
activated protein kinase kinase 1 (MEK1) in B cells, we were
surprised to find that the specific activation of the MEK-ERK
pathway does not prevent, or even alter, central B cell tolerance
(Greaves et al., 2018). These observations suggest that the PI3K
pathway might be more relevant in this context.

Class IA PI3Ks, the PI3Ks relevant to B cells, are membrane-
associated kinases that, upon activation, produce the phospho-
lipid phosphatidylinositol-(3,4,5)-trisphosphate (PIP3). In turn,
PIP3 activates several downstream mediators (e.g., protein ki-
nase B, also known as AKT, and Tec-family tyrosine kinases)
that trigger an array of essential cellular processes, including cell
survival, proliferation, and metabolic fitness (Okkenhaug and
Vanhaesebroeck, 2003; Baracho et al., 2011; Okkenhaug, 2013).
B cells express significant amounts of the class IA isoforms
PI3Kα and PI3Kδ, which play a redundant function during B cell
development, regulating RAG1/2 expression, IL-7 responses, and
B cell maturation (Ramadani et al., 2010; Baracho et al., 2011;
Okkenhaug, 2013). PI3Kδ plays a more unique role in mature
B cells, contributing to cell survival and cell activation in re-
sponse to antigen (Okkenhaug et al., 2002; Ramadani et al.,
2010; Okkenhaug, 2013; So et al., 2013). Nevertheless, a consti-
tutively active form of PI3Kα (P110*; Klippel et al., 1996) was
shown to function in mature B cells by sustaining their survival
after BCR deletion (Srinivasan et al., 2009). In the context of
B cell tolerance, activation of the PI3K pathway achieved via the
deletion of its negative regulators phosphatase and tensin ho-
molog (PTEN) or Src homology 2 domain containing inositol
polyphosphate 5-phopshatase 1 (SHIP-1) has been shown to
sustain the survival and activation of low-avidity (anergic) au-
toreactive B cells (Browne et al., 2009; Getahun et al., 2016). Of
interest, gain-of-function mutations in PI3K have been de-
scribed in humans, and a third of these patients display auto-
immune manifestations including production of autoantibodies
(Coulter et al., 2017). Moreover, recent studies have described
the immune system of mice bearing the most common PI3Kδ
gain-of-function mutation found in humans. These mice reca-
pitulate many of the key immune dysfunctions observed in
patients, including B cell lymphopenia and increased autoanti-
bodies (Avery et al., 2018; Preite et al., 2018; Wray-Dutra et al.,
2018). However, the role PI3K plays in central B cell tolerance is
much less understood. Supraphysiological RAG expression and
secondary Ig gene recombination events have been observed in
nonautoreactive Ig transgenic immature B cells that lack PI3K
activity in the presence or absence of BCR engagement (Llorian
et al., 2007; Verkoczy et al., 2007), suggesting that PI3K may
play a role in receptor editing. In addition, PTEN-deficient im-
mature B cells are more resistant to apoptosis induced by IgM
crosslinking, suggesting that PI3K activation may be able to
protect autoreactive B cells from clonal deletion (Cheng et al.,
2009; Gonzalez-Martin et al., 2016). Nonetheless, whether ac-
tivation of PI3K is sufficient to terminate receptor editing in
autoreactive immature B cells undergoing central B cell toler-
ance and promote their differentiation and export into the pe-
riphery has not been established.

To test these questions, we used the Rosa26-P110* mouse
strain (Srinivasan et al., 2009) and the mb1Cre mouse strain
(Hobeika et al., 2006) to express a synthetic constitutively active
form of PI3Kα (P110*; Klippel et al., 1996) in B cells of Ig heavy
(H) and light (L) chain 3–83 knock-in mice, with or without the
related high-avidity self-antigen MHC-I H-2Kb (Pelanda et al.,
1997; Braun et al., 2000; Halverson et al., 2004). Using this ap-
proach, we show that increasing the activation of the PI3K
pathway in high-avidity autoreactive B cells, to levels observed
in nonautoreactive cells, leads to the complete inhibition of re-
ceptor editing in the bone marrow, the continued maturation
and egress of autoreactive B cells to the periphery, and their
activation in response to self-antigen.

Results
PI3K-AKT activity is higher in nonautoreactive than
autoreactive immature B cells
It has been shown that BCR ligation of bone marrow IgM+ im-
mature B cells decreases the amount of cellular PIP3 (Verkoczy
et al., 2005), suggesting the activity of PI3K is reduced in de-
veloping B cells that bind self-antigens relative to those that do
not. The PIP3 lipid is required to target AKT to the plasma
membrane, where it becomes phosphorylated and thereby acti-
vated (Manning and Toker, 2017). Thus, AKT phosphorylation is
often used as a surrogate for PI3K activation. To interrogate at
the single-cell level whether the activity of PI3K is lower in au-
toreactive than nonautoreactive immature B cells, we used flow
cytometry to compare the amount of phosphorylated AKT
(pAKT) in B220+IgD− cells from the bonemarrow of 3–83Igi, H-2b

and 3–83Igi, H-2d mice (Fig. 1 A; Pelanda et al., 1997; Braun et al.,
2000; Halverson et al., 2004). Developing B cells in these mice
express the 3–83 (H+κ) BCR, which has high avidity for the self-
antigen MHC-I H-2Kb but does not react with H-2Kd (Nemazee
and Bürki, 1989; Lang et al., 1996). Due to the presence of pre-
rearranged Ig 3–83 H and L chain genes, moreover, developing
3–83Igi B cells bypass the small pre–B cell stage and are mostly
(∼90%) B220+IgD− immature B cells expressing the 3–83 IgM
BCR (Braun et al., 2000; Halverson et al., 2004). Phosphorylation
of AKT S473, which is mediated by target of rapamycin (mTOR)
complex 2 (mTORC2) to maximize and stabilize AKT activity
(Limon and Fruman, 2012; Manning and Toker, 2017), was de-
tected at similar levels in autoreactive and nonautoreactive cells
(Fig. 1, A and B). In contrast, the phosphorylation of AKT T308,
which is mediated by 3-phosphoinositide-dependent protein ki-
nase 1 and is necessary for (and correlating with) AKT function
(Limon and Fruman, 2012; Manning and Toker, 2017), was twice
as high in nonautoreactive relative to autoreactive cells (Fig. 1, B
and C). These findings indicate that the activity of the PI3K-AKT
pathway is higher in nonautoreactive than autoreactive imma-
ture B cells.

Development of mice with active PI3K in autoreactive and
nonautoreactive B cells
We next developed a mouse model with which to investigate
in vivo whether PI3K activation can alter the establishment of
central B cell tolerance (Fig. 2 A). To achieve this, we crossed
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3–83Igi autoreactive (H-2b) or nonautoreactive (H-2d) mice to
mb1Cre, a mouse strain in which expression of Cre recombinase
is restricted to the B cell lineage (Hobeika et al., 2006). We then
bred 3–83Igi,mb1Cre mice to Rosa26-P110* mice (Srinivasan
et al., 2009), whose B cells, in the presence of the Cre enzyme,
coexpress GFP and P110*, a constitutively active synthetic form
of PI3K-P110α (Klippel et al., 1996). Thus, these mice allow us to
determine the effects of active PI3Kα on the selection of either
nonautoreactive or high-avidity autoreactive immature B cells
(Fig. 2 A). To validate this mouse strain, we analyzed by flow
cytometry in both B cells and non–B cells the expression of GFP,
which represents P110*. Expression of GFP was generally limited
to B cells, as denoted by its detection in >90% of B220+ cells
and <1% of B220− cells in both the bone marrow and spleen of
3–83Igi P110*-mb1Cre mice (Fig. 2 B).

To further establish the functionality of the P110* allele in
developing B cells, we examined the amount of pAKT-T308

in B220+IgD− bone marrow cells of autoreactive and non-
autoreactive 3–83Igi P110*-mb1Cre mice (henceforth referred to
as P110*) relative to mb1Cre littermate controls. The expression
of P110* increased the average amount of pAKT-T308 by twofold
in autoreactive immature B cells (Fig. 2 C, left), reaching levels
measured in nonautoreactive cells (Figs. 1 B and 2 C, right). This
increase was not observed in non–B cells (Fig. S1 A), further
validating the B cell–restricted expression of P110*. Interest-
ingly, phospho-AKT-T308 was only slightly increased in non-
autoreactive cells expressing P110* (Fig. 2 C, right), possibly
suggesting the presence of a negative feedback loop that pre-
vents excessive AKT activity. We have previously shown that
phosphorylated ERK (pERK) is also approximately twofold
higher in (untreated) nonautoreactive immature B cells relative
to autoreactive cells and that ERK activity is required for the
in vitro differentiation of immature B cells into transitional
B cells (Teodorovic et al., 2014). Surprisingly, the expression of
P110* also led to significantly higher amounts of pERK in au-
toreactive immature B cells (Fig. 2 D).

Overall, these data demonstrate that autoreactive B cells from
3–83Igi,H-2b mb1Cre-P110* mice express the PI3Kα constitu-
tively active form P110*, which leads to enhanced phosphoryla-
tion of AKT and ERK to levels displayed by nonautoreactive cells.

B cell–intrinsic activation of PI3K leads to diminished B cell
development but increased numbers of CD21+ transitional
B cells in the bone marrow
Before analyzing parameters of central B cell tolerance, we
characterized the general phenotype of bone marrow B cells in
P110* relative to control mice. The number of B220+ cells was
significantly decreased in the bone marrow of autoreactive and
nonautoreactive P110* mice (Fig. 3 A), an observation consistent
with findings in mice bearing B cells deficient for SHIP, a neg-
ative regulator of PI3K (Liu et al., 1998; Leung et al., 2013). To
compare the distribution of B cell subsets, bone marrow B cells
were gated as described in Fig. 3 (B and C). Because GFP+ cells
were rare in B220+ CD24− and/or CD21− cells (Fig. S1 B), these
latter cells (which are mostly Hardy’s fraction A pro–B cells;
Hardy et al., 2012) were excluded from the analyses. The num-
bers of B220+CD24hiCD2− pro–B cells were similar with or
without P110* and regardless of autoreactivity (Fig. 3 D). How-
ever, the numbers of B220+CD24hiCD2+ immature B-to-transi-
tional B cells and B220+CD24hiCD21−CD23− pro-B-to-immature
B cells were significantly diminished, greater than threefold in
P110* mice, whether autoreactive or nonautoreactive (Fig. 3 D).
The diminished numbers of developing B cells in P110* mice
were associated with a reduced expression of IL-7R/CD127 (Fig.
S1, C and D), a receptor known to be negatively regulated by the
PI3K-AKT pathway (Lazorchak et al., 2010; Shojaee et al., 2016).

Immature B cells can first differentiate within the bone
marrow into transitional CD21+CD23− T1-like and CD21+CD23+

T2-like cells before their export to the periphery (Lindsley et al.,
2007; Rowland et al., 2010b).Whenwemeasured these markers,
we observed a sizeable fraction of the CD24hi B cell population of
P110* autoreactive mice shifting to a more transitional T1-like
phenotype (Fig. 3, C and D). This was further accompanied by
elevated CR2/CD21 gene transcripts (Fig. S1 E). Generation of

Figure 1. PI3K activity in autoreactive and nonautoreactive immature
B cells. (A) Example of gating B220+IgD− immature B cells within the bone
marrow cell population of 3–83Igi,H-2b autoreactive (AUT) and 3–83Igi,H-2d

nonautoreactive (NA) mice. (B) Representative pAKT flow analysis at residues
S473 (left) and T308 (right) in B220+IgD− bone marrow cells of autoreactive
and nonautoreactive mice, gated as in A. The staining isotype (iso) controls
are shown in gray. Numbers next to histograms indicate the MFI of each
sample. (C) Average amounts of pAKT-S473 (left) and pAKT-T308 (right),
displayed as MFI ± SEM, measured in bone marrow immature (B220+IgD−)
B cells of autoreactive (white bars) and nonautoreactive (black bars) mice, as
shown in B. The gray bars represent the isotype controls (n = 6). Data in all
panels are representative of n = 6–8 mice per group analyzed over five in-
dependent experiments. P values were calculated using a one-tailed Mann–
Whitney U test. **, P ≤ 0.01; ***, P ≤ 0.001; ****, P ≤ 0.0001; ns, not significant.
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CD21+ T1-like B cells was also increased in P110* nonautoreactive
mice, but to a much lesser extent than in autoreactive animals
(Fig. 3 D). In contrast, the numbers of both CD24hiCD23+ T2-like
cells and CD24lowCD23+ recirculating mature B cells were de-
creased in all P110* mice regardless of autoreactivity (Fig. 3 D).
To specifically address whether the PI3K pathway is required for
the generation of transitional B cells, we analyzed the develop-
ment of CD21+ and IgD+ cells in bone marrow B cell cultures
(Rowland et al., 2010a,b). Treatment of nonautoreactive imma-
ture B cell cultures with the PI3K inhibitor LY294002 led to
significantly lower frequencies of both CD21+ and IgD+ transi-
tional B cells (Fig. S2 A). Interestingly, treatment of cultures
with rapamycin, which inhibits the PI3K downstream pathway

mTORC1, did not reduce and instead augmented the develop-
ment of transitional B cells (Fig. S2 A), though both inhibitors
affected the phosphorylation of ribosomal protein S6 (Fig. S2 B).

These data indicate that activation of PI3K reduces the overall
production of immature B cells independently of self-reactivity
but leads to CD21 up-regulation and the generation of transi-
tional B cells via a process that does not require mTORC1.

Activation of PI3K leads to the complete inhibition of receptor
editing in developing autoreactive B cells in vivo
Elegant studies have demonstrated that PI3K is a crucial regu-
lator of RAG1 and RAG2 expression during B cell development
(Llorian et al., 2007; Verkoczy et al., 2007; Amin and Schlissel,

Figure 2. Development of mouse models with increased
PI3K activity in autoreactive and nonautoreactive B cells.
(A) Schematic for the generation of 3–83Igi mouse models of
tolerance with P110* and GFP coexpression in autoreactive
or nonautoreactive B cells. (B) Expression of B220 and GFP
by bone marrow (BM) and spleen lymphocytes of autor-
eactive (AUT; 3–83Igi,H-2b) and nonautoreactive (NA;
3–83Igi,H-2d) mice carrying the mb1Cre allele with or without
the P110* allele. Numbers are frequencies of cells in each
quadrant. Data are representative of at least four experi-
ments and nine mice per each group. (C) Top: pAKT-T308
flow analyses of B220+IgD− bone marrow cells (gated as in
Fig. 1 A) isolated from autoreactive 3–83Igi,H-2b mb1Cre mice
with (red shaded) or without (black dashed line) P110* (left)
and nonautoreactive 3–83Igi,H-2d mb1Cre mice with (blue
shaded) or without (black intact line) P110* (right) analyzed
in one experiment. The staining isotype (iso) controls are
shown in gray. Each histogram represents a mouse. Data are
representative of at least two experiments. Bottom: Bar
graphs show the average fold change of pAKT-T308 in
B220+IgD− bone marrow cells of P110* mice relative to their
mb1Cre controls. The individual MFI fold changes were cal-
culated dividing the MFI of each individual mouse by the
average MFI of mb1Cre mice in the same experiment. Data
shown represent the mean ± SEM from n = 8 and 4 autor-
eactive mice with mb1Cre and P110*-mb1Cre, respectively,
analyzed in three independent experiments, and n = 5 and 4
nonautoreactive mice with mb1Cre and P110*-mb1Cre, re-
spectively, analyzed in two independent experiments. (D)
pERK flow analysis of B220+IgD− bone marrow cells isolated
from autoreactive mb1Cre mice with (red shaded histograms
and red bars) or without (black dashed line and white bars)
P110*. Data shown represent the mean ± SEM from n = 8
mb1Cre and n = 4 P110*-mb1Cre mice analyzed in three in-
dependent experiments. P values were calculated using a
one-tailed Mann–Whitney U test. *, P ≤ 0.05; **, P ≤ 0.01.

Greaves et al. Journal of Experimental Medicine 1138

PI3K breaches tolerance in high-avidity autoreactive B cells https://doi.org/10.1084/jem.20181652

https://doi.org/10.1084/jem.20181652


2008; Dengler et al., 2008; Herzog et al., 2008; Ramadani et al.,
2010). However, whether PI3K activation can overcome antigen-
induced BCR signaling in autoreactive B cells to terminate re-
ceptor editing, a process also relying on RAGs, has not been
determined.

Autoreactive B cells undergoing editing express little or no
membrane IgM due to antigen-mediated receptor internaliza-
tion (Pelanda et al., 1997). In contrast, cells that have successfully
edited display normal amounts of IgM due to the expression of
nonautoreactive BCRs. Moreover, ∼50% of the edited B cells in

Figure 3. Activation of PI3K leads to reduced B cell development but increased numbers of CD21+ B cells. (A) Absolute numbers of B220+ cells (gated as
in Fig. 3 B) in bone marrow of autoreactive 3–83Igi,H-2b (AUT; n = 9–13 per group analyzed in five experiments) and nonautoreactive 3–83Igi,H-2d (NA; n = 6–7
per group analyzed in three experiments) mice with either mb1Cre (circles) or P110*-mb1Cre (squares). B220+ cells from P110*-mb1Cre mice were additionally
gated on GFP+. Data show the mean ± SEM and were analyzed using a one-tailed Mann–Whitney U test. (B) Serial gating strategy for the analysis of bone
marrow B cells from 3–83Igi autoreactive and nonautoreactive mice with or without P110*. B220+CD24−CD21− cells, which are fraction A pro–B cells, were
excluded from the analyses because they included few GFP+ cells in P110* mice (Fig. S1 B). Data are representative of at least four experiments and 6–13 mice
per group. (C and D) Gating strategy (C) and average numbers (D) of pro–B cells (B220+CD24hiCD2−, pro), immature-transitional B cells (B220+CD24hiCD2+,
imm-tr), recirculating mature B cells (B220+CD24lowCD21+, RM), pro–B-immature B cells (B220+CD24hiCD21−CD23−, pro-imm), T1-like B cells
(B220+CD24hiCD21+CD23−), and T2-like B cells (B220+CD24hiCD23+) in bone marrow from autoreactive and nonautoreactive caP110*-mb1Cre and mb1Cre
control mice. B220+ and B220+GFP+ cells in the top panels in C were gated as shown in Fig. 3 B. Numbers in flow plots are frequencies of each subset. n = 10–13
for Cre and n = 8–9 for P110* autoreactive mice (analyzed in five experiments), and n = 6 for Cre and n = 7 for P110* nonautoreactive mice (analyzed in four
experiments) in bar graphs (D). Results shown represent the mean ± SEM and were analyzed using a one-tailed unpaired t test. **, P ≤ 0.01; ***, P ≤ 0.001;
****, P ≤ 0.0001; ns, not significant. 7AAD, 7-aminoactinomycin D; FSC-H, forward scatter height; FSC-A, forward scatter area; SSC-A, side scatter area.
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3–83Igi,H-2b mice express Igλ L chain, likely because many
newly expressed κ chains retain autoreactivity (Nemazee and
Bürki, 1989; Braun et al., 2000). When we measured these pa-
rameters in CD24hi B cells from the bone marrow of P110* au-
toreactive mice we found no detectable surface IgM or Igλ (Fig. 4
A). This was in striking contrast to their littermate controls in
which ∼10–15% of CD24hi B cells were IgM+ and half of these
expressed Igλ (Fig. 4 A). Although there was no detectable
surface IgM, P110* B cells had high levels of intracellular IgM
(Fig. 4 B). Overall, these data indicate that P110* autoreactive
B cells retained expression of the autoreactive 3–83 BCR, which
was likely internalized as a result of binding antigen.

Transcription of RAG1 and RAG2 genes is mediated by Fork-
head box protein O1 (FOXO1), a protein negatively regulated by
PI3K via AKT (Amin and Schlissel, 2008; Dengler et al., 2008).
There was a significant twofold reduction in both FOXO1 protein
(Fig. 4 C) and gene transcripts (Fig. 4 D, left) in bone marrow
B cells of P110* autoreactive mice relative to mb1Cre controls.
P110* cells also showed undetectable levels of RAG1 and RAG2
gene transcripts (Fig. 4 D, center and right). Another hallmark of
edited B cells is a reduction of surface CD19 (Verkoczy et al.,
2007; Duong et al., 2011; Lang et al., 2016), a coreceptor impli-
cated in the activation of PI3K and in the positive selection of
immature B cells (Diamant et al., 2005). CD19 was increased
almost twofold, on average, on autoreactive immature B cells
expressing P110* (Fig. 4 E, top), although it was still below the
level found on B cells from nonautoreactive 3–83Igi,H-2d mice
(Fig. 4 E, bottom). Increased CD19 expression was also observed
on P110* nonautoreactive B cells, but the effect was more subtle
than on autoreactive cells.

Upon surface expression of IgM, immature B cells up-
regulate B cell activating factor receptor (BAFFR), a receptor
that promotes cell survival in response to the BAFF cytokine
(Hsu et al., 2002; Gorelik et al., 2004; Rowland et al., 2010b).
Expression of BAFFR, which is lower on autoreactive than
nonautoreactive immature B cells (Rowland et al., 2010b), was
1.5-fold higher when autoreactive immature B cells expressed
P110*, although this was still below the expression observed on
nonautoreactive cells (Fig. 4 F). Moreover, expression of BAFFR
was increased by more than twofold on P110* nonautoreactive
B cells relative to their controls (Fig. 4 F), suggesting antigen-
induced BCR signaling counteracts PI3K-mediated elevation of
this receptor. In addition, the chemokine receptor C-X-C che-
mokine receptor type 4 (CXCR4), which is important for tissue
retention of bone marrow B cells (Beck et al., 2014), was ex-
pressed approximately twofold less on both autoreactive and
nonautoreactive immature B cells of P110* mice relative to their
respective controls (Fig. 4 F).

These data demonstrate that activation of PI3K prevents re-
ceptor editing in bone marrow autoreactive B cells and leads to
changes in markers associated with cell survival and the selec-
tion of immature B cells into peripheral tissues.

Activation of PI3K leads to the escape of high-avidity
autoreactive B cells into peripheral lymphoid tissue
To test whether activation of PI3K is sufficient to bypass all
mechanisms of central tolerance, including the survival and

bone marrow emigration of autoreactive B cells into the pe-
riphery, we compared the splenic B cell populations of P110*
mice and their littermate controls. Total B220+ B cell numbers
were reduced in the spleen of P110* autoreactive (H-2b) mice
relative to their littermate controls (Fig. 5 A). However, these
numbers were similar to those of nonautoreactive mice with or
without P110*, and, more importantly, they were higher than in
autoreactive 3–83Igi,H-2b Rag1−/− mice (Fig. 5 A) in which, due
to a RAG1 deficiency, autoreactive B cells cannot perform re-
ceptor editing and consequently succumb to clonal deletion in
the bone marrow (Halverson et al., 2004; Liu et al., 2005).

We next examined if the spleen B cells of P110* autoreactive
mice had maintained their 3–83Ig autoreactive specificity. Simi-
lar to what observed in bone marrow, we could not initially de-
tect B cells with surface Igλ or IgM in the spleen of 3–83Igi,H-2b

P110* mice (Fig. 5 B). This was also true for IgD (Fig. 5 C) and was
in striking contrast to 3–83Igi,H-2b mb1Cre control mice in
which, due to receptor editing, most B cells expressed IgM
and ∼50%, on average, expressed Igλ (Fig. 5 B). The absence of
detectable IgM on the surface of P110* autoreactive B cells was
not caused by chronic activation of the PI3K pathway, because
B cells from P110* nonautoreactive 3–83Igi,H-2d mice had normal
membrane expression of IgM (Fig. 5 D). We reasoned that the
inability to detect IgM was caused by low retention of surface
BCR, since the receptor was most likely internalized following
autoantigen binding. To improve the detection of surface BCR, we
incubated the cells with biotinylated anti-Ig antibodies and re-
vealed these antibodies with fluorescent streptavidin. Indeed,
using this method, we were able to detect on the surface of P110*
autoreactive B cells low amounts of 3–83Ig H+κ, 3–83κ, and IgM
that were clearly above the fluorescence detected on negative
control (B220−) cells but ∼10-fold below what we measured on
nonautoreactive 3–83Ig+ cells (Fig. 5 E). Because intracellular
staining of 3–83Ig is not feasible (Liu et al., 2005), we confirmed
the presence of internalized antigen receptor by measuring the
expression of intracellular IgM, which was within the same range
in P110* and control autoreactive B cells (Fig. 5 F).

Lupus-prone MRL/lpr mice exhibit gross deficiencies in
central B cell tolerance, with defects in receptor editing
(Lamoureux et al., 2007) and accumulation of autoreactive
B cells in the periphery (Fournier et al., 2012). Thus, we asked
whether this phenotype is associated with higher activity of the
PI3K pathway during B cell development. Indeed, higher
amounts of pAKT-S473, but not pAKT-T308, were observed in
bonemarrow developing B cells of MRL/lprmice relative to CB17
healthy mice (Fig. S2 C).

Overall, these data demonstrate that constitutive activation
of PI3K allows high-avidity autoreactive B cells to circumvent
mechanisms of central tolerance by forgoing receptor editing
and clonal deletion and escaping from the bone marrow to es-
tablish peripheral residence.

Activation of PI3K leads to altered differentiation and
organization of splenic autoreactive and nonautoreactive
B cells
Once autoreactive immature B cells escape from the bone mar-
row, they undergo serial checkpoints of peripheral tolerance
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aimed to prevent their participation in immune responses
(Goodnow et al., 2010). The first of these is a checkpoint be-
tween the transitional and mature B cell stages. To determine
whether activation of PI3K breaks the early stages of peripheral

tolerance, we used flow cytometry to examine the expression of
markers indicative of transitional (T), follicular (FO), and mar-
ginal zone (MZ) B cell subsets within the spleen of P110* and
control mice (Fig. 6, A and B; and Fig. S3). There was a virtual

Figure 4. Activation of PI3K abrogates receptor editing in high-avidity autoreactive immature B cells. (A) Representative analysis (flow plots) and
quantification (graphs) of immature (B220+CD24hi) B cells expressing Igλ (shown as frequency) or IgM (shown as absolute cell numbers) in the bone marrow of
autoreactive (AUT) 3–83Igi,H-2b mb1Cre (n = 11) and P110*-mb1Cre (n = 6) mice analyzed in at least four independent experiments. (B) Representative flow
cytometric analysis (of three experiments) of total (surface and intracellular) IgM in bone marrow B220+CD24hi immature B cells of mb1Cre (black dashed line)
and P110*-mb1Cre (red intact line) autoreactive (AUT) mice. The gray shaded histogram represents B220− cells, which are negative for IgM. (C) Flow cytometric
quantification of FOXO1 protein in B220+CD24hi immature B cells from indicated mice. n = 3 in each group from one out of two experiments. (D) Relative Foxo1,
Rag1, and Rag2mRNA levels in B220+ or B220+GFP+ cells sorted from the bone marrow of autoreactive mb1Cre or P110*-mb1Cre mice, respectively. Data were
normalized to 18S mRNA levels and are expressed as fold change over the average mRNA levels in 3–83Igi,H-2b mb1Cre cells. n = 3 mice in each group from one
experiment. FOXO1 protein in C and Foxo1 RNA in D were analyzed in independent experiments. (E) Representative flow cytometric analysis and overall
quantification of CD19 expression on immature (B220+CD24hi) B cells from autoreactive (top) and nonautoreactive (NA; bottom) mice, either mb1Cre (n = 12
and 10, respectively) or P110*-mb1Cre (n = 7 and 10, respectively), from five independent experiments. (F) Flow cytometric analyses and quantification of the
expression of BAFFR (top) and CXCR4 (bottom) on bone marrow immature (B220+CD24hi) B cells from autoreactive and nonautoreactive mb1Cre and P110*-
mb1Cre mice (n = 3–6 per group from at least two independent experiments). In all flow analyses, GFP gating was additionally applied to cells from P110*-
mb1Cre mice. Data shown in all panels represent the mean ± SEM. P values were calculated using a one-tailed Mann–Whitney U test in A, E, and F and a
one-tailed unpaired t test in C and D. *, P ≤ 0.05; **, P ≤ 0.01; ***, P ≤ 0.001; ****, P ≤ 0.0001.
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absence of MZ B cells, which are characterized by high ex-
pression of CD21 and CD1d, in the spleen of P110* autoreactive
(H-2b) mice (Fig. 6 A). This was surprising given that mb1Cre
control autoreactive mice displayed a large MZ B cell subset,
larger than in nonautoreactive mice. Moreover, a sizable body of
literature indicates that PI3K activity in B cells positively cor-
relates with MZ B cell formation (Anzelon et al., 2003; Durand
et al., 2009; Chen et al., 2010; Kövesdi et al., 2010; So et al., 2013).
In fact, the splenic B cell population of nonautoreactive (H-2d)
P110* mice was enriched in MZ B cells (Fig. 6 B). The absence of
MZ B cells in P110* autoreactive mice was accompanied by a
significant decrease in the CD24hiCD23hiCD21hi transitional T2

population (Fig. 6 A), which comprises MZ B cell precursors
(Srivastava et al., 2005). Transitional T1 cells, in contrast, were
present (and modestly increased) in both autoreactive and
nonautoreactive P110* mice (Fig. 6, A and B).

Although P110* autoreactive B cells did not differentiate into
T2 and MZ B cells, most displayed decreased expression of CD24
and CD93 (Fig. 6, A and C), a phenotype compatible with mature
B cells. Moreover, a fraction of these cells expressed CD23 (Fig. 6,
A and C), a marker of mature FO B cells. The expression of CD23,
however, was generally reduced on CD24lowCD1dlowCD21low

non-MZmature B cells of both autoreactive and nonautoreactive
P110* mice (Fig. 6 D), an observation consistent with that of

Figure 5. Activation of PI3K promotes export of high-avidity autoreactive B cells into peripheral lymphoid tissue. (A) Absolute numbers of B220+ cells
in the spleen of autoreactive (AUT) 3–83Igi,H-2b mice with mb1Cre (n = 17), P110*-mb1Cre (n = 12), or Rag−/− (n = 3) analyzed in a total of seven experiments
and nonautoreactive (NA) 3–83Igi,H-2d mice with mb1Cre (n = 6) or P110*-mb1Cre (n = 7) analyzed in three experiments. (B) Representative flow analysis and
quantification of B220+ B cells expressing Igλ (shown as frequency) and IgM (shown as absolute cell numbers) in the spleen of autoreactive mb1Cre (n = 11) and
P110*-mb1Cre (n = 6) mice analyzed in four independent experiments. Data in A and B show the mean ± SEM. (C and D) Representative analyses (of at least six
mice per strain and three experiments) of surface IgD (C) and IgM (D) measured with fluorochrome-conjugated antibodies on splenic B220+ B cells from the
indicated mice. B220− cells are shown as negative control. (E) Flow cytometric analyses (representative of at least three mice per strain and two experiments)
of surface 3–83Ig H+κ, 3–83Igκ, and IgM on B220+ B cells from the spleen of autoreactive mb1Cre and P110*-mb1Cre mice and nonautoreactive mice. These
analyses were performed by staining with biotin-conjugated antibodies followed by PE-conjugated streptavidin (SA) to amplify the signal. The gray shaded
histograms represent B220− cells as a negative control. (F) Representative analysis (one of three experiments) of total (surface and intracellular) IgM ex-
pression in B220+ cells from the spleen of indicated mice. The gray shaded histogram represents B220− negative control cells. In all flow analyses, GFP gating
was additionally applied to cells from P110*-mb1Cre mice. P values were calculated using a one-tailed Mann–Whitney U test. **, P ≤ 0.01; ***, P ≤ 0.001; ****,
P ≤ 0.0001; ns, not significant.
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Figure 6. PI3K activation leads to the maturation of autoreactive B cells and to the formation of disorganized follicles. (A and B) Gating strategy and
bar graph quantification of B cell subsets in the spleen of autoreactive (AUT) mice (A; n = 15 mb1Cre and 10 P110*, six experiments) and nonautoreactive (NA)
mice (B; n = 6 mb1Cre and 7 P110*, three experiments). B220+ and B220+GFP+ cells were gated as shown in Fig. S3. B cell subsets were discriminated as MZ
B cells (B220+CD1dhiCD21hi), immature and transitional T1 B cells (B220+CD1dlowCD24hiCD23−), transitional T2 B cells (B220+CD1dlowCD24hiCD23+), FO B cells
(B220+CD1dlowCD24lowCD23+), and M9 B cells (B220+CD1dlowCD24lowCD23low). (C) Top: Representative flow cytometric analysis showing CD93 expression on
spleen B220+ (or B220+GFP+) B cells from autoreactive mb1Cre and P110*-mb1Cre mice, respectively. Bottom: Mean percentages of CD24low (shown in A) and
CD93– mature B cells within B220+ (or B220+GFP+) B cells in the spleen of autoreactive mb1Cre (white bars) and P110*-mb1Cre (red bars) mice. n = 8–10 mice
per group in at least four experiments. (D and E) Quantification of CD23 (D) and CD21 (E) surface expression (MFI) on splenic B220+CD1dlowCD24low mature
B cells (gated as in A and B) from individual autoreactive mice (n = 15 mb1Cre and 10 P110*, seven experiments) and nonautoreactive mice (n = 6 mb1Cre and 7
P110*, three experiments). (F) Representative immunofluorescence staining at 100× magnification of B220 (green), CD3 (red), and Moma-1 (blue) in tissue
sections obtained from the spleen of indicated autoreactive (left) and nonautoreactive (right) mice. Two representative images are shown for each strain. The
white bar in the bottom left equals 500 µm. Data are representative of two spleens from each strain analyzed during two independent experiments. In all flow
analyses, GFP gating was additionally applied to cells from P110*-mb1Cremice. Data shown in A–D represent the mean ± SEM. P values were calculated using a
one-tailed Mann–Whitney U test in A and B and a one-tailed unpaired t test in C–E. **, P ≤ 0.01; ***, P ≤ 0.001; ****, P ≤ 0.0001; ns, not significant.
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other mice with higher PI3K activity in B cells (Srinivasan et al.,
2009; Getahun et al., 2016). In contrast, the expression of CD21,
which was increased in bone marrow B cells of P110* mice (Figs.
3 C and S1 E), was higher only on (non-MZ) mature B cells of
nonautoreactive P110* mice compared with their controls (Fig. 6
E). P110* autoreactive B cells displayed a dramatic reduction of
CD21 (Fig. 6 E), a phenotype that was therefore dependent on
autoreactivity. Due to the phenotypic changes caused by the
expression of P110*, we subdivided the splenic B cells into
conventional T1 (CD24hiCD23low), T2 (CD24hiCD23hi), FO
(CD24lowCD23hi), and MZ (CD21hiCD1dhi) B cell subsets and
added an M9 (CD24lowCD23low) mature cell population (Fig. 6, A
and B). Quantification of these subsets clearly shows that while
P110* nonautoreactive mature B cells equally distribute into FO
and MZ B populations, P110* autoreactive mature cells are
mostly M9 (Fig. 6, A and B).

Given the changes imparted by P110* and self-reactivity on
the expression of markers used for the definition of FO B cells,
we next used immunofluorescent histology to evaluate the
ability of B cells to form follicles. Tissue sectionswere stained for
B220, CD3, and MOMA-1 to distinguish B cell, T cell, and MZ cell
areas, respectively (Fig. 6 F). B cells of P110* mice were found in
follicles, but the structure of these follicles was greatly disor-
ganized, particularly in the autoreactive mice. Specifically, the
FO B cells of P110* H-2b mice were not confined within a MZ
sinus delineated by MOMA-1–expressing macrophages that
surround follicles and as observed in the spleen of littermate
controls (Fig. 6 F). Moreover, T cells, which are usually orga-
nized in areas adjacent to the B cell follicles (Fig. 6 F, mb1Cre),
were dispersed throughout the follicle andwithin the red pulp in
the spleen of autoreactive P110* mice (Fig. 6 F, left). This phe-
notype was also observed in nonautoreactive P110* animals, but
to a lesser extent (Fig. 6 F, right). When the follicles in sections
were screened blindly, 100% of the follicles in the spleen of
autoreactive P110* mice were considered disorganized, while
this frequency was ∼40% for nonautoreactive P110* mice.

Taken together, these data show that activation of PI3K al-
lows high-avidity autoreactive B cells to reach a mature stage in
the spleen and thus bypass not only mechanisms of central
tolerance but also initial checkpoints of peripheral tolerance.
However, chronic activation of PI3K leads to changes in B cells
that affect the organization of follicles and the tissue localization
of T cells, with more severe changes in mice in which the B cells
are autoreactive.

High-avidity autoreactive B cells that express P110* undergo
activation in response to self-antigen and produce
autoantibodies in vitro, but not in vivo
Markers of activation and plasmablast differentiation were an-
alyzed to establish whether P110* autoreactive B cells display
signs of productive antigen encounter. We found a dramatic
increase (5- to 10-fold) in the frequency of B cells expressing
CD69, CD86, and CD138 in the spleen of autoreactive P110* mice
relative to their controls (Fig. 7, A–C). Furthermore, CD69 mean
fluorescence intensity (MFI) was more than doubled in the
CD23+ fraction of autoreactive P110* B cells (Fig. 7 D), a change
reflecting a higher frequency of CD69+ cells (Fig. 7 D, histogram)

and not observed for CD86. With the exception of a small in-
crease in CD86+ cells (Fig. 7 B), these changes were not detected
in nonautoreactive P110* B cells (Fig. 7, A–D), and thus, they
most likely reflect P110* autoreactive B cells undergoing acti-
vation in response to binding the cognate H-2Kb self-antigen.

Deficiency in the PI3K negative regulators PTEN and SHIP-1
break anergy in low-avidity autoreactive B cells, leading to
increased cell activation as well as the development of
autoantibody-secreting cells (Getahun et al., 2016). However,
despite the presence of activated B cells and of cells with a
CD138+ plasmablast phenotype, neither 3–83IgM nor 3–83IgG
autoantibodies were detected in sera of autoreactive P110* mice
(Fig. 8, A and B). In contrast, these antibodies were readily
measured in the sera of nonautoreactive P110* mice, with
3–83IgM reaching higher concentrations relative to littermate
controls (Fig. 8 A). Low amounts of total IgM and IgG were
measured in the sera of autoreactive P110* mice (Fig. S4 A).
These Igs were likely the product of B cells that failed to express
P110* and had edited their specificity, a conclusion implied by
the presence of a small number of GFP− B cells (<10% of all
B cells), some of which expressed Igλ (Fig. S4, B and C) and
secreted Igλ (Fig. S4 D).

We reasoned that the absence of secreted 3–83Igs in autor-
eactive P110* mice was due to T cell tolerance and the lack of
cognate T cells reacting with Kb peptides. Indeed, autoreactive
P110* B cells were able to secrete 3–83IgM and 3–83IgG upon
culture with the surrogate T cell help factors anti-CD40 anti-
bodies and IL-4 (Fig. 8 C). In addition, we found that P110* mice
had a significant reduction of the T FO helper (TFH) splenic cell
population, defined as CD3+CD4+PD-1+CXCR5+ (Fig. S5, A–C).
Together, these observations suggested the possibility that the
absence of secreted 3–83Igs in autoreactive P110* mice was
caused by a lack of T cell help.

To determine if the provision of T cell help to autoreactive
P110* B cells in vivo was able to stimulate the production of 3–83
autoantibodies in P110* autoreactive mice, we had to resort to
methods that did not involve BCR stimulation. This was because
of the extremely low amounts of Ig antigen receptor present on
the surface of P110* autoreactive B cells. We also had to use
methods that elicited cognate help from T cells reactive with an
antigen other than Kb because of the absence of T cells reactive
with Kb peptides in H-2b mice. In published studies, antigens
targeted to CD19 via anti-CD19 mAbs were internalized and
processed by B cells (Yan et al., 2005) and then presented to CD4
T cells inducing their activation (Yan et al., 2005; Ma et al.,
2013). Thus, we used this system to target the protein antigen
PE to CD19 expressed by B cells in P110* autoreactive mice (as
shown in Fig. S5 D), cells that were confirmed to expressMHC-II
(Fig. S5 E). Mice were first immunized with PE in Alum to prime
PE-reactive T cells and then injected with PE-conjugated anti-
CD19 mAbs 1 wk later. 2 wk after this treatment, however, we
were unable to detect 3–83 antibodies in sera of autoreactive
P110* mice (Fig. 8 D). This approach failed also to raise total
serum Ig levels in either P110* or control mice (Fig. 8 E). As an
alternative system by which to deliver T cell help, we chose to
transfer T cells from mice expressing the MHC-II mutant allele
I-Abm12 (bm12 mice), which differs from I-Ab by three amino
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acids. This mutation evokes bm12 CD4 T cells to recognize and
activate any B cell expressing I-Ab, as evidenced by the pro-
duction of anti-DNA autoantibodies in I-Ab wild-type mice
adoptively transferred with bm12 spleen cells (Morris et al.,
1990; Eisenberg and Via, 2012). Thus, B cell–depleted bm12
splenic cells were injected into autoreactive P110* and control
mice and 3–83Ig measured in sera 2 wk later. As with the pre-
vious method, however, we did not observe any increase of 3–83
autoantibodies in the serum of mice that had received bm12 cells
(Fig. 8 D). This treatment was also unable to raise total Ig levels
(Fig. 8 E), although it did increase (by almost 10-fold) serum
levels of anti-DNA antibodies in wild-type mice (Fig. S5 F).

Taken together, these data indicate that in vivo, T cell help is
unable to elicit antibody production by high-avidity autoreactive
B cells that express P110*.

Discussion
Central B cell tolerance is crucial to the development of a circu-
lating B cell repertoire devoid of high-avidity autoreactive spe-
cificities, but the molecular checkpoints that enforce this process
are still poorly understood. Our findings demonstrate that acti-
vation of the PI3K pathway in high-avidity autoreactive immature
B cells, to levels comparable of those in nonautoreactive cells,
completely abrogates receptor editing, prevents clonal deletion,
and supports ongoing differentiation and migration of the autor-
eactive cells into the peripheral tissue. Once in the periphery,
active PI3K enables high-avidity autoreactive B cells to undergo
differentiation into FO B cells and activation in response to self-
antigen, but not to secrete autoantibodies.

Once immature B cells express Ig H and L chains that form
nonautoreactive BCRs, these unbound membrane BCRs transduce

Figure 7. Activation and plasmablast differentiation of P110* autoreactive B cells in response to self-antigen. (A–C) Frequencies and representative
analyses of B220+ (or B220+GFP+) B cells expressing CD69 (A), CD86 (B), or CD138 (C) in the spleen of autoreactive (AUT) mb1Cre (open circles and black
dashed lines, n = 11–14) or P110*-mb1Cre (close red squares and red intact lines, n = 9–10) mice and nonautoreactive (NA) mb1Cre (closed black circles and
black intact lines, n = 7) or P110*-mb1Cre (close blue squares and blue intact lines, n = 6) mice. Data are from three or more experiments for each group of mice.
(D) Top: Change in the expression of CD69 and CD86 (MFI fold change) on B220+CD23+ spleen B cells relative to total B220+ cells in individual autoreactive and
nonautoreactive mb1Cre and P110*-mb1Cre mice. Bottom: Representative analyses of CD69 on B220+ and B220+CD23+ cells in P110* autoreactive (left) and
nonautoreactive (right) mice. Number of mice per group and experiments are as listed for A–C. Data in all panels show the mean ± SEM. P values were
calculated using a one-tailed Mann–Whitney U test. *, P ≤ 0.05; ***, P ≤ 0.001; ****, P ≤ 0.0001; ns, not significant.
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Figure 8. Activation of PI3K causes production of high-avidity autoantibodies in response to T cell help in vitro, but not in vivo. (A and B) Con-
centration (μg/ml) of 3–83IgM (A) and 3–83IgG (B) in sera of mb1Cre and P110*-mb1Cre mice on either the autoreactive (AUT) 3–83Igi,H-2b (n = 8 and 4) or the
nonautoreactive (NA) 3–83Igi,H-2d (n = 5) backgrounds analyzed in two experiments. (C) Concentration (μg/ml) of 3–83IgM and 3–83IgG in the supernatant of
splenic B cells from autoreactive mb1Cre and P110*-mb1Cre mice cultured for 8 d in either media alone or in the presence of anti-CD40 antibodies and IL-4. n = 3
per group from two independent experiments. (D and E) Concentration (μg/ml) of 3–83IgM and 3–83IgG (D) and total IgM and IgG (E) in the sera of autoreactive
mb1Cre or P110*-mb1Cre mice before (day 0) and on day 14 after the injection of either anti-CD19-PE antibodies or the transfer of bm12 (B220−) spleen cells. n =
2 for each experimental condition, representative of two independent experiments. The dashed lines in D indicate the reference levels of 3–83IgM and 3–83IgG
in 3–83Igi,H-2d mice. Data in A–C show the mean ± SEM. Data were analyzed using a one-tailed Mann–Whitney U test. *, P ≤ 0.05; **, P ≤ 0.01; ns, not
significant.
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tonic signals that trigger a developmental pathway that halts Ig
gene recombination and promotes the generation of functional
mature B cells (Monroe, 2006; Pelanda and Torres, 2012). In
past studies, we have shown that nonautoreactive immature
B cells, via their tonic BCR signaling, activate ERK to twice the
levels observed in high-avidity autoreactive cells (Teodorovic
et al., 2014). However, activating ERK in 3–83Ig+ autoreactive
B cells by the expression of a constitutively active form ofMEK1
did not break central tolerance (Greaves et al., 2018). We now
show that the PI3K pathway (measured by phosphorylation of
AKT-T308) is also twice as active in 3–83Ig+ nonautoreactive
compared with autoreactive cells, an observation that is in
agreement with past studies of PIP3 quantification in immature
B cells treated or not with anti-BCR antibodies in culture
(Verkoczy et al., 2007). Our new findings, when integrated
with previous observations from PI3K gene deletion studies
(Llorian et al., 2007; Verkoczy et al., 2007), indicate that the
low amount of PI3K activity observed in high-avidity autor-
eactive immature B cells is required for ongoing Ig gene re-
combination (i.e., receptor editing), while the higher PI3K
activity present in nonautoreactive immature B cells is re-
quired to terminate Ig gene recombination and promote dif-
ferentiation. Thus, the PI3K pathway controls both negative
and positive selection of immature B cells, at least in mice.
Whether this is also true for developing human B cells remains
to be investigated, but the possibility is supported by the fact
that one third of individuals bearing gain-of-function muta-
tions in PI3K exhibit autoantibodies and other autoimmune
manifestations (Coulter et al., 2017), a finding that was reca-
pitulated in mice with similar mutations (Preite et al., 2018).
Furthermore, increased PI3K activity has been recorded in
peripheral B cells of mice with lupus-like disease and of lupus
patients, when compared with B cells of healthy individuals
(Wu et al., 2007; Suárez-Fueyo et al., 2011). We show here that
bone marrow developing B cells from MRL/lpr lupus mice have
slightly but significantly higher phosphorylation of AKT at S473
(though not at T308) relative to cells of healthy mice. Thus, it is
tempting to speculate that dysregulated activation of PI3K
contributes to the central tolerance defects that have been de-
scribed in B cells of lupus mice (Lamoureux et al., 2007;
Fournier et al., 2012) and patients (Meffre, 2011).

The basal activation of the PI3K pathway in immature B cells is
likely regulated by a combination of tonic BCR and CD19 signaling
(Otero et al., 2001; Verkoczy et al., 2005; Llorian et al., 2007; Aiba
et al., 2008), which are both present in nonautoreactive imma-
ture B cells and significantly diminished in high-avidity autor-
eactive cells (Verkoczy et al., 2007; Teodorovic et al., 2014).When
PI3K was activated in IgM− bone marrow pre–B cell cultures, it
led to the AKT-mediated phosphorylation and degradation of
FOXO1, halting the expression of the RAG genes (Amin and
Schlissel, 2008). Our data demonstrate that even in high-
avidity autoreactive IgM+ B cells and in vivo, activation of PI3K
to physiologically relevant levels leads to reduced amounts of
FOXO1, loss of RAG expression, and the termination of receptor
editing. PI3K activation also increased the expression of both
CD19 and BAFFR. Although the abundance of these membrane
proteins on P110* autoreactive cells did not reach that observed on

nonautoreactive B cells, based on previous studies (Otero et al.,
2003; Otero and Rickert, 2003; Sasaki et al., 2004; Rowland et al.,
2010b), we speculate that their increased expression contributed
to the ongoing survival and maturation of autoreactive B cells.
Importantly, expression of P110* also led to increased levels of
pERK in autoreactive cells, which was probably achieved via
regulating the RAS pathway (Ramadani et al., 2010; Okkenhaug,
2013). Although increased ERK activation by itself is unable to
break tolerance (Greaves et al., 2018), we cannot exclude that
some of the changes observed in P110* autoreactive B cells were
indirectly mediated by PI3K via the RAS-ERK pathway.

Studies inmouse models of tolerance have demonstrated that
when receptor editing is prevented, immature autoreactive
B cells undergo clonal deletion (Chen et al., 1995; Halverson
et al., 2004). Our findings extend previous in vitro studies
(Browne et al., 2009; Cheng et al., 2009) to indicate that en-
hanced activation of the PI3K pathway protects autoreactive
B cells from clonal deletion in vivo. This is demonstrated by the
finding that, despite the abrogation of receptor editing, the
numbers of B cells in the bone marrow and spleen of autor-
eactive P110* mice were similar or even higher than those in
nonautoreactive P110* mice. Nevertheless, we note that the
overall bone marrow B cell numbers were decreased (three- to
fivefold) in P110* relative to control mice. This phenotype was
unrelated to the presence of the self-antigen and was due to a
specific reduction of CD24hiCD2+CD21–CD23– pre-B/immature
B cell numbers, a finding in agreement with older observations
in mice bearing B cells that lack SHIP (Liu et al., 1998; Leung
et al., 2013) and with recent observations in mice and patients
expressing the active PI3K form PI3KCD-E1020K (Dulau Florea
et al., 2017; Avery et al., 2018; Wray-Dutra et al., 2018). In
PI3KCD-E1021K mice, the diminished numbers of pre-B/imma-
ture B cells was ascribed to reduced B cell survival (Wray-Dutra
et al., 2018). Our finding of reduced IL-7R expression on P110*
bone marrow B cells, together with the known function this
receptor plays in early B cell survival (Corfe and Paige, 2012),
suggests this likely contributes to the cell survival defect ob-
served in mice with enhanced PI3K activity.

Within the bone marrow tissue of P110* autoreactive mice, a
significant fraction of high-avidity autoreactive immature
B cells up-regulated CD21, a marker of transitional B cells. These
cells were also able to exit the bone marrow and home to the
peripheral lymphoid tissue. We suggest this was likely achieved
by reducing the expression of the chemokine receptor CXCR4, a
receptor that is crucial for the retention of B cells in bone
marrow tissue (Beck et al., 2014) and is expressed at higher
levels on autoreactive than nonautoreactive immature B cells
(Fig. 4 F). In the spleen, these high-avidity autoreactive B cells
were able to differentiate further into mature B cells, thus in-
dicating that higher activity of the PI3K pathway can also break
initial checkpoints of peripheral B cell tolerance. This was in
spite of the fact that the autoreactive P110* B cells retained only
one tenth or less of the BCR on the cell surface relative to edited
and nonautoreactive B cells. The splenic B cell population of
P110* mice, however, exhibited a reduced proportion of mature
B cells. This phenotype is reminiscent of that in patients and mice
with PI3K gain-of-function mutations (Avery et al., 2018; Preite
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et al., 2018; Wray-Dutra et al., 2018). Moreover, mature B cells of
P110* autoreactive mice had an unusual phenotype, which we
labeled M9. CD23 expression was markedly diminished (by ∼10-
fold) by the expression of P110*, a finding in line with previous
reports of mice with enhanced PI3K activity (Srinivasan et al.,
2009; Getahun et al., 2016) or deletion of FOXO1 (Dengler et al.,
2008; Chen et al., 2010) in B cells. Interestingly, the expression of
CD21 was also greatly decreased (by approximately sixfold) on
P110* splenic B cells, but only in autoreactive mice. This suggests
that the reduced CD21 expression on P110* autoreactive B cells
was the consequence of chronic self-antigen encounter, a phe-
nomenon well described in chronic human infections (Portugal
et al., 2017). Despite abnormal CD21 and CD23 expression, we
conclude that most of the autoreactive splenic P110* B cells,
including the M9, were FO B cells. This was based on the down-
regulation of both CD24 and CD93, which are markers for tran-
sitional B cells, the low expression of CD1d, amarker ofMZ B cells,
and the up-regulation (although blunted) of both CD21 and CD23,
which are markers for FO B cells. Moreover, by using fluores-
cence microscopy, we were able to visualize B cell follicles in the
spleen of both autoreactive and nonautoreactive P110* mice.

A striking finding was the complete absence of MZ B cells in
autoreactive P110* mice. Increased activation of the PI3K path-
way leads to augmented MZ B cell production (Anzelon et al.,
2003; Suzuki et al., 2003; Chen et al., 2010; Avery et al., 2018;
Preite et al., 2018; Wray-Dutra et al., 2018), and indeed, this was
observed in nonautoreactive P110* mice. Furthermore, some
mouse strains with peripheral autoreactive B cells that bind self-
antigen with low avidity display larger MZ B cell subsets (Li
et al., 2002; Wen et al., 2005). This leads us to conclude that
high-avidity autoreactive B cells, even when recruited into the
spleen and provided constitutively active PI3K, are excluded
from entering the MZ cell subset, and this is likely due to high
levels of BCR signaling (Cariappa et al., 2001). The follicles in the
spleen of P110* mice, and particularly those in autoreactive an-
imals, were partly disorganized. The B cells formed B cell areas,
suggesting proper response to relevant chemokines and inte-
grins. However, T cells were dispersed among B cells and in the
red pulp. This abnormal T cell localization was associated with a
virtual absence of TFH cells (Fig. S5, B and C). These surprising
observations indicate that abnormal function of PI3K in B cells
has a profound, indirect impact on the tissue localization and
function of T cells.

B cells of P110* autoreactive mice showed signs of activation
in response to self-antigen, with 10–80% of spleen B cells ex-
pressing CD86 and/or CD69. CD69 expression was particularly
evident in the more mature CD23+ B cell fraction. These cells,
however, were unable to secrete autoantibodies in vivo. This is
in clear contrast to observations in the anti-DNA Ars/A1 Ig
transgenic mice and the MD4xML5 anti-hen egg lysozyme Ig
transgenic mice in the presence of soluble lysozyme (Akerlund
et al., 2015; Getahun et al., 2016). We reason that these diverging
findings are due to the nature and avidity of the self-antigen. In
the case of Ars/A1 and MD4xML5 mice, the self-antigen is
not membrane bound and reacts with B cells at low avidity.
In contrast, the self-antigen in the 3–83Igi,H-2b mice is a
high-avidity membrane-bound protein that induces robust

internalization of both IgM and IgD BCRs, leaving only 10% on
the cell membrane. In both MD4xML5 and 3–83Igi,H-2b mice,
the protein nature of their self-antigens suggests that T cell help
is required to promote effector B cell function. Due to central
T cell tolerance, CD4 T cells reactive with Kb peptides are likely
not available to help 3–83Ig+ B cells in H-2b mice.When provided
T cell help factors in culture in the form of CD40 and IL-4R
signaling, P110* autoreactive 3–83Ig+ B cells were able to secrete
3–83 IgM and IgG antibodies. In contrast, our attempts to deliver
T cell help in vivo (and by two distinct methods) completely
failed to elicit antibody responses. Thus, while active PI3K is able
to break peripheral tolerance in low-avidity autoreactive B cells,
possibly independently of T cell help, this pathway is unable to
break tolerance in high-avidity autoreactive B cells, even in the
presence of T cell help. To reconcile our in vitro and in vivo data
and our observations in relation to those described for low-
avidity autoreactive B cells (Akerlund et al., 2015; Getahun
et al., 2016), we consider the following non–mutually exclusive
explanations: (1) the production of 3–83 autoantibodies in the
anti-CD40+IL-4 B cell cultures was aided by a dilution of B cells
that led to low levels of antigen-mediated BCR stimulation
(i.e., low avidity); (2) tolerance in vivo was maintained via a cell
population or factor absent in B cell cultures; (3) the lack of
productive antibody responses in vivo was caused by diminished
CD21 expression on B cells, given this protein contributes to
antibody responses (Fearon and Carroll, 2000) and low expres-
sion is a sign of exhaustion (Portugal et al., 2017); (4) the lack of
antibody response in vivo was caused by the displacement of
T cells in follicles and the absence of TFH cells; and (5) P110* was
unable to promote high-avidity autoantibodies because, in con-
trast to P110δ, the P110α isoform does not exhibit full function in
mature B cells responding to antigen (Okkenhaug, 2013).

Overall, our study indicates that the PI3K pathway is the
master regulator of both negative and positive B cell selection in
the bone marrow; low activity in autoreactive cells facilitates
receptor editing, while higher activity in nonautoreactive cells
halts Ig gene recombination and promotes cell survival, tissue
migration, and differentiation. Our data also show that if im-
properly activated, the PI3K pathway completely abrogates
central B cell tolerance, promoting the export of high-avidity
autoreactive B cells into the periphery, where they differenti-
ate and undergo activation in response to self-antigen. While it
has been shown that activating the PI3K pathway can promote
the production of low-avidity autoantibodies (Akerlund et al.,
2015; Getahun et al., 2016), here we indicate that high-avidity
autoreactive B cells with active PI3K, despite reaching a mature
cell stage, remain incapable of secreting autoantibodies. Overall,
our findings strongly implicate the PI3K pathway in controlling
the primary B cell repertoire and regulating the generation,
differentiation, and activation of autoreactive B cells.

Materials and methods
Mice
Ig knock-in mice 3–83Igi,H-2d (nonautoreactive) and 3–83Igi,H-2b

(autoreactive) have been previously described (Pelanda et al.,
1997; Braun et al., 2000; Halverson et al., 2004; Liu et al., 2005;

Greaves et al. Journal of Experimental Medicine 1148

PI3K breaches tolerance in high-avidity autoreactive B cells https://doi.org/10.1084/jem.20181652

https://doi.org/10.1084/jem.20181652


Rowland et al., 2010a,b) and were all on a BALB/c genetic
background. BALB/c mb1Cre mice (described in Hobeika et al.,
2006) were bred to 3–83Igi,H-2b and 3–83Igi,H-2d mice to
generate 3–83Igi,H-2b or H-2d mb1Cre mice. CB17 mice, bred in-
house, were used as wild-type controls. The Rosa26-P110* mice
on a C57BL/6 background have been previously described
(Srinivasan et al., 2009). In these mice, a loxP-stop-loxP cassette
is inserted between the Rosa26 promoter and the P110* cassette,
and an IRES-GFP sequence follows P110*. These features guar-
antee P110* and GFP coexpression only in the presence of Cre
enzyme. P110* mice (C57BL/6) were backcrossed to 3–83Igi,
H-2b or H-2d (BALB/c) mice for eight generations and then to
the 3–83Igi,H-2b or H-2d mb1Cre mice to generate autoreactive
or nonautoreactive P110*-mb1Cre mice and mb1Cre littermate
controls, respectively. For reasons that remain unclear, 35% of
the P110* 3–83Igi mice on either background were lost before
birth, according to Mendelian genetics, and another 10% died at
a young age. The bm12 (H2-Ab1bm12) mice (Morris et al., 1990)
were ordered from The Jackson Laboratory (stock 001162).
Mice of both sexes were analyzed at 7–9 wk of age. Mice were
bred and maintained in a specific pathogen–free facility at the
University of Colorado Anschutz Medical Campus Vivarium
(Aurora, CO). All animal procedures were approved by the
University of Colorado Denver Institutional Animal Care and
Use Committee.

In vitro immature B cell differentiation
Bone marrow immature B cells were generated and differenti-
ated in vitro as previously described (Rowland et al., 2010a,b;
Teodorovic et al., 2014), based on a B cell culture system origi-
nally described in Rolink et al. (1995). Briefly, bone marrow cells
were cultured in complete IMDM in the presence of IL-7 (made
in-house) for 4 d, at which time IL-7 was removed by washing
twice with PBS. Then, cells were plated at 6–8 × 106 cells/ml with
20 ng/ml recombinant mouse BAFF (R&D Systems) for an ad-
ditional 2–3 d to achieve cell differentiation (e.g., CD21 expres-
sion). Where indicated, cells were treated either DMSO, 5 µM of
PI3K inhibitor (LY294002; EMD Millipore), or 5 µM rapamycin
(EMD Millipore) during culture with BAFF.

In vitro and in vivo B cell stimulation
For in vitro B cell stimulations, splenic B cells were purified by
negative selection using anti-CD43 monoclonal antibodies cou-
pled to magnetic beads (Miltenyi Biotech) and an AutoMACS
(Miltenyi Biotech) according to the manufacturer’s instructions.
B cell purity was consistently >95% based on B220 staining.
Enriched B cells were cultured at 5 × 106 cells/ml with either
media alone or with the addition of 15 µg/ml anti-CD40 anti-
bodies (clone IC10) and 50 ng/ml recombinant mouse IL-4. After
7-d incubation, the supernatants were collected and Igs were
measured by ELISAs as described below. For the in vivo stim-
ulations with bm12 cells, splenic cells from bm12 mice were
depleted of B220+ cells using anti-B220 antibodies coupled to
magnetic beads (Miltenyi Biotech). 25 × 106 B220− bm12 cells
were injected i.v. into each experimental mouse. Mice were bled
14 d after transfer, and serum was collected to measure Igs by
ELISAs. For in vivo targeting of CD19, each experimental mouse

was immunized to prime T cells by injecting i.p. 100 µl Alu-Gel-S
(Alum) mixed with 150 µg PE. 1 wk after T cell priming, mice
were injected with 10 µg PE-conjugated anti-CD19 antibodies
(clone 1D3). Mice were bled 14 d after injection, and serum was
collected for ELISAs.

ELISAs
The 3–83IgM and total IgM serum titers were measured by
ELISA as previously described (Liu et al., 2005). The 3–83IgG
serum titers were measured by ELISA as previously described
(Liu et al., 2005) and with the following modifications. Briefly,
96-well Nunc-Immuno MaxiSorp plates (Thermo Fisher Scien-
tific) were coated with a mixture of rat anti-mouse IgG1 (A85-3),
IgG2a (RMG2a-62), IgG2b (RMG2b-1), and IgG3 (R2-38) at a final
concentration of 10 µg/ml (all purchased from BioLegend or BD
Biosciences). The 3–83IgG was detected using biotinylated anti-
3–83Ig antibody (54.1; Nemazee and Bürki, 1989), followed by
alkaline phosphatase (AP)–conjugated streptavidin (Southern
Biotech), and developed by the addition of AP substrate (p-nitro-
phenyl phosphate; Sigma). For total IgG ELISA, 96-well Nunc-
Immuno MaxiSorp plates were coated with 10 µg/ml of goat
anti-mouse IgG (H+L) antibody, human adsorbed (Southern
Biotech). Plates were detected with AP-conjugated goat anti-
mouse IgG, human adsorbed (Southern Biotech). The standard
used to measure total IgG concentration was a mixture of the
following mouse unlabeled antibodies starting at 1 µg/ml: IgG1
(15H6), IgG2a (HOPC-1), IgG2b (A-1), IgG3 (B10), all purchased
from Southern Biotech. For the Igλ ELISAs, plates were coated
with 10 µg/ml unlabeled goat anti-mouse Igλ purchased from
Southern Biotech. Plates were detected with AP-conjugated goat
anti-mouse Igλ purchased from Southern Biotech. All ELISA
plates were developed by the addition of AP substrate (Sigma)
solubilized in 0.1 M diethanolamine and 0.02% NaN3. Plates
were read as previously described (Teodorovic et al., 2012).

Quantitative real-time PCR
Ex vivo bone marrow B cells (either B220+ or B220+GFP+) were
isolated using a FACSAria (BD Biosciences) cell sorter with a
purity of >97%. Total RNA was purified using TRIzol (In-
vitrogen), and cDNA was synthesized using the SuperScript
III First-Strand Synthesis system (Invitrogen). Murine Rag1
(Mm01270936_m1), Rag2 (Mm00501300_m1), and FOXO1
(Mm00490671_m1) cDNAs were amplified using Applied Bio-
systems TaqMan primer and probe sets purchased from Thermo
Fisher Scientific. Differences in specific mRNA levels were de-
termined as previously described (Teodorovic et al., 2014), and
each sample was normalized to murine 18s (Mm03928990_g1,
AB TaqMan). All samples were run in triplicate using the
QuantStudio 7 Flex Real-Time PCR System (Thermo Fisher
Scientific).

Flow cytometry
Bone marrow and spleen single-cell suspensions were stained
with fluorochrome or biotin-conjugated antibodies against
mouse B220 (RA3-6B2), IgD (11-26c-2a), IgMa (MA-69), IgMb

(AF6-78), pan-IgM (11/41), CD21 (7E9), CD23 (B3B4), CD24 (M1/
69), CD93 (AA4.1), BAFFR, IL-7R (A7R34), CD43 (1G10), CD2
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(RM2-5), Igλ (RML-42), CD19 (1D3), CD138 (281–2), CD86 (B7-2),
CD69 (H1.2F3), CD1d (1B1), CD44 (1M7), MHC-II I-A/I-E (M5/
114.15.2), CD3 (145-2C11), CD4 (GK1.5), CXCR5 (L138D7), and PD-
1 (J43) purchased from eBioscience, BD Pharmingen, BioLegend,
or R&D Systems. Anti-3–83Ig (H+κ; 54.1; Nemazee and Bürki,
1989) and 3–83Igκ (S27; Liu et al., 2005) antibodies were pro-
duced in-house. Biotin-labeled antibodies were visualized with
fluorochrome-conjugated streptavidin (BD Biosciences). The
fluorescent chemical compound 7-aminoactinomycin D (eBio-
science) was used to discriminate unfixed dead cells. pERK,
pAKT-S473, pAKT-T308, and FOXO1 (Cell Signaling Technolo-
gies) staining was performed on cells permeabilized with
methanol. The Zombie UV Fixable Viability kit from BioLegend
was used to discriminate dead cells in fixed and permeabilized
samples. Data acquisition was done on the CyAn cytometer
(Beckman Coulter) or the BD LSRFortessa cytometer (BD Bio-
sciences) and analyzed with FlowJo software (Tree Star). Anal-
yses were performed on live cells based on the incorporation of
7-aminoactinomycin D or Zombie UV or forward and side scat-
ter. B cells were identified by the expression of the pan B cell
marker B220. Cell doublets were excluded based on the side
scatter and pulse width for data analyzed on the CyAn cytometer
or the forward scatter area and forward scatter height for data
analyzed on the BD LSRFortessa.

Histology
Spleens from 3–83Igi, H-2b mb1Cre-R26-LSL-P110*-GFP, 3–83Igi,
H-2b mb1Cre, 3–83Igi, H-2d mb1Cre-R26-LSL-P110*-GFP, and
3–83Igi, H-2d mb1Cre mice were harvested and fixed in a 3%
formaldehyde, 3% sucrose solution. The spleens were then fro-
zen at −80°C in OCT compound (EM Sciences), cut into 7-µm
sections on a cryostat, and transferred onto glass slides. Slides
were dried at room temperature (RT) for 30 min. For staining,
the slides were rehydrated in PBS for 20 min, blocked with a
mixture of anti–mouse CD16 (24G2) Ab, and rat serum in PBS,
2% BSA, and 0.05% Tween20 for 15 min at RT and then stained
with antibodies against mouse MOMA-1 (3D6.112), CD3 (145-
2C11), and B220 (RA3-6B2) for 45 min at RT in the dark. After
three washes in PBS, dried sections were mounted with a cov-
erslip (#1.5 thickness) using Electron Microscopy Science Cy-
toseal 60 (Fisher Scientific). Sections were visualized on an
Eclipse TE 2000 microscope (Nikon) outfitted with a Plan Fluor
ELWD Ph2 DM 10× objective dry with a 10× eyepiece for a total
100× magnification. Images were collected using a wide field
lens and NIS Elements version 4.2 software and viewedwith NIS
Elements Viewer version 4.11.0 software (all from Nikon). Flu-
orochrome settings were set to equivalent intensities among all
samples for comparison and analysis. In addition, all files were
exported using equivalent settings and file formats.

Statistical data analysis
Data were analyzed using GraphPad Prism software. Statistical
significance for normally distributed data were determined by
one-tailed t tests, adding the Welch’s correction for groups with
unequal variance, while data that were not normally distributed
were analyzed with the nonparametric Mann–Whitney U test.
The level of significance was established as follows: *, P < 0.05;

**, P < 0.01; ***, P < 0.001; ****, P < 0.0001; ns, not significant (P >
0.05). Data in graphs are represented as means ± SEM.

Online supplemental material
Fig. S1 shows that B220− cells have similar pAKT-T308 levels in
P110* and control mice. It also demonstrates the infrequent ex-
pression of GFP/P110* in B220+CD24−CD21− cells and the in-
creased expression of IL-7R and CR2 transcription in P110* bone
marrow B cells relative to control. Fig. S2 shows that the PI3K
inhibitor LY294002, but not rapamycin, inhibits the differenti-
ation of immature B cells into transitional B cells in culture; it
also shows the levels of pAKT in bonemarrow B cells fromMLR/
lpr mice. Fig. S3 shows the gating strategy of B220+GFP+ and
B220+ B cells in spleen cells from P110* and control mice, re-
spectively. Fig. S4 indicates the concentration of total IgM, IgG,
and Igλ in sera from autoreactive P110* and control mice. Fig. S5
shows flow cytometric analysis and numbers of TFH cells in
autoreactive P110* and control mice and the expression of MHC-
II on spleen B cells. It also shows the binding of anti-CD19-PE
antibodies to B cells of mice injected with these antibodies and
the increase of anti-chromatin Igs in wild-type H-2b mice in-
jected with H-2bm12 spleen cells.
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Suárez-Fueyo, A., D.F. Barber, J. Mart́ınez-Ara, A.C. Zea-Mendoza, and A.C.
Carrera. 2011. Enhanced phosphoinositide 3-kinase δ activity is a fre-
quent event in systemic lupus erythematosus that confers resistance to
activation-induced T cell death. J. Immunol. 187:2376–2385. https://doi
.org/10.4049/jimmunol.1101602

Suzuki, A., T. Kaisho,M. Ohishi, M. Tsukio-Yamaguchi, T. Tsubata, P.A. Koni,
T. Sasaki, T.W.Mak, and T. Nakano. 2003. Critical roles of Pten in B cell
homeostasis and immunoglobulin class switch recombination. J. Exp.
Med. 197:657–667. https://doi.org/10.1084/jem.20021101

Teodorovic, L.S., C. Riccardi, R.M. Torres, and R. Pelanda. 2012. Murine B cell
development and antibody responses to model antigens are not im-
paired in the absence of the TNF receptor GITR. PLoS One. 7:e31632.
https://doi.org/10.1371/journal.pone.0031632

Teodorovic, L.S., C. Babolin, S.L. Rowland, S.A. Greaves, D.P. Baldwin, R.M.
Torres, and R. Pelanda. 2014. Activation of Ras overcomes B-cell tol-
erance to promote differentiation of autoreactive B cells and production
of autoantibodies. Proc. Natl. Acad. Sci. USA. 111:E2797–E2806. https://
doi.org/10.1073/pnas.1402159111

Tipton, C.M., C.F. Fucile, J. Darce, A. Chida, T. Ichikawa, I. Gregoretti, S.
Schieferl, J. Hom, S. Jenks, R.J. Feldman, et al. 2015. Diversity, cellu-
lar origin and autoreactivity of antibody-secreting cell population

expansions in acute systemic lupus erythematosus. Nat. Immunol. 16:
755–765. https://doi.org/10.1038/ni.3175

Tze, L.E., B.R. Schram, K.P. Lam, K.A. Hogquist, K.L. Hippen, J. Liu, S.A.
Shinton, K.L. Otipoby, P.R. Rodine, A.L. Vegoe, et al. 2005. Basal im-
munoglobulin signaling actively maintains developmental stage in
immature B cells. PLoS Biol. 3:e82. https://doi.org/10.1371/journal.pbio
.0030082

Verkoczy, L., D. Aı̈t-Azzouzene, P. Skog, A. Märtensson, J. Lang, B. Duong,
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