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Abstract

Many self-reactive B cells exist in the periphery in a rapidly reversible state of unresponsiveness
referred to as anergy. Reversibility of anergy indicates that chronically occupied BCR must
transduce non-durable regulatory signals that maintain unresponsiveness. Consistent with such a
mechanism, studies of immunoglobulin transgenic, as well as naturally occurring polyclonal
autoreactive B cells demonstrate activation of the inositol 5-phosphatase SHIP-1 in anergic cells,
and low affinity chromatin autoantigen-reactive B cells have been shown to require expression of
this phosphatase to maintain anergy. However, it has been reported that anergy of B cells
recognizing high affinity soluble antigen may not require SHIP-1, and is instead mediated by
upregulation of the inositol 3-phosphatase PTEN. To further explore this apparent difference in
mechanism we analyzed the effect of B cell-targeted SHIP-1 deletion on immune tolerance of high
affinity anti-HEL B cells in mice expressing soluble HEL (MD4.ML-5). We report that SHIP-1
functions to dampen responses of naive and low-dose antigen-primed B cells in vitro, and is
required for induction of B cell tolerance. Thus, while anergy of B cells reactive with low affinity
and likely polyvalent chromatin antigens is maintained by activation of inhibitory signaling
circuitry involving SHIP-1, anergy of B cells recognizing soluble self antigen with high affinity
also requires increased activity of SHIP-1.

1. Introduction

The B cell repertoire is finely tuned to enable generation of protective anti-pathogen
immunity while avoiding production of potentially harmful antibodies to self and
presentation of autoantigen peptides to T cells. Underscoring the magnitude this challenge
are findings that >70% of newly produced B cells in bone marrow express autoreactive
antigen receptors (BCR) [1]. Elimination of immature cells specific for high avidity
autoantigens that induce strong antigen receptor signals is accomplished by receptor editing,
which changes the receptors’ specificity [2, 3]. In the event that high avidity self-reactivity
is retained, i.e. editing fails, cells are eliminated by apoptotic death in a process termed
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clonal deletion [4]. A more challenging situation exists in the case of cells that recognize
low avidity antigens. Even if receptor affinity is very high, low antigen avidity can limit
signaling sufficiently to render cells ignorant of antigen in their environment or be induced
to enter a state of unresponsiveness referred to as anergy [5, 6]. Anergy is fragile, being
readily reversed by removal of antigen from receptors, and thus must require continuous
transduction of anergy-enforcing signals through BCRs [7, 8]. Indeed, available evidence
indicates that these regulatory signaling mechanisms can be compromised by autoimmunity
risk alleles [9]. The signals that emanate from antigen receptors and enforce anergy are
poorly understood.

Three effectors have emerged as potential mediators of anergy-enforcing signals, the SH2-
containing Inositol 5-Phosphatase SHIP-1 [10], Phosphatase and Tensin Homolog
PTEN[11], and the SH2-containing Tyrosine Phosphatase SHP-1[12]. While SHIP-1 is
activated in anergic cells and is critical for maintenance of anergy in the anti-chromatin
immunoglobulin transgenic model ARS/A1 it has been suggested that in the MD4.ML-5
model, wherein BCR bind a protein antigen, HEL, with very high affinity, anergy does not
require SHIP-1 activation [13], but rather is maintained by upregulation of PTEN [14].
Consistent with this possibility, while B cell-targeted SHIP-1 deficiency in mice possessing
a polyclonal repertoire resulted in production of anti-chromatin autoantibodies, these mice
did not make autoantibodies against protein autoantigens, suggesting SHIP-1 is not
necessary to silence cells reactive to these antigens [10].

PTEN and SHIP-1 regulate the PI3-kinase pathway by removing specific phosphate groups
from PI1(3,4,5)P3. However, there is an important functional distinction. PTEN attacks its
substrate P1(3,4,5)P3 at the 3 position of the inositol ring, generating the P1(4,5)P, substrate
of phospholipase C important in positive signaling. SHIP-1 attacks the 5 position of the
inositol ring generating P1(3,4)P,, a feedback activator of SHIP-1 and stimulator of
pathways involving the adaptors TAPP1 and TAPP2 that are thought to inhibit Akt [15].
SHIP-1 also associates with the rasGAP adaptor Dok-1[16]. Thus while both PTEN and
SHIP could have negative function by depleting PI(3,4,5)P3 needed for BCR signaling, both
have additional functions that could be important in maintaining anergy. A better
understanding of their function in the context of anergy may provide avenues for therapeutic
intervention in autoimmunity.

It seems unlikely that two mutually exclusive mechanisms would evolve to maintain anergy
in B cells. However, one might imagine that additional enforcing mechanisms might be
required to counteract increased signal strength associated with high affinity autoantigen
binding. Therefore we set out to explore whether SHIP-1 is required for maintenance of
anergy in the high affinity MD4/ML-5 anti HEL model. Using B cell-targeted SHIP-1
knockouts in the context of a variety of in vitro and in vivo approaches we demonstrate that
SHIP-1 functions in feedback regulation of antigen-induced BCR signaling in naive B cells
and is required for maintenance of tolerance of chronically stimulated cells. Thus SHIP-1 is
required for induction and maintenance of B cell anergy in both low affinity Ars/Al and
high affinity MD4.ML-5 models despite increased expression of PTEN in the latter [14].
These findings are consistent with our previous report that lupus-like autoimmunity with
early death is characteristic of C57BL/6 mice in which B cells lack SHIP-1 [10].
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2. Materials and Methods

2.1 Mice

MD4 (HyHEL10-Ig transgene) and ML-5 (soluble HEL transgene) were crossed to obtain
MD4.ML-5 double transgenic mice [17]. SHIPT/fl [18] were crossed with mb1¢re™t (cre
driven by the mb1 promoter) [19] to generate mice that delete SHIP specifically in all B
cells. The SHIPT/fl mb1cre/™t mice were then crossed to MD4 and MD4.ML-5 transgenic
mice. ML-5 mice were bred with C57BL/6 mice to obtain wt and HEL transgenic recipient
mice. All mice used in this study were on the C57BL/6 background. Bone marrow chimeric
mice were created by reconstituting lethally irradiated (960 rads) WT C57BL/6 and ML-5
mice with 3x10°% bone marrow cells from MD4.mb1¢"¢Wt or MD4.SHIPT/T mb1creMt donor
mice via tail vein injection. Experiment was repeated twice with at least three mice per
experimental group. All animals were bred and housed in the Biological Resource Center at
National Jewish Health. All experiments with mice were performed in accordance with the
regulations and with the approval of National Jewish Health (Denver, CO) Institutional
Animal Care and Use Committee (IACUC).

2.2 B Cell Isolation

Splenocytes were isolated by forcing spleens through 70 micron screens, red blood cells
were lysed in a hypotonic solution of ammonium potassium chloride. Cells were washed in
IMDM with 2% FCS. In adoptive transfer experiments, “Untouched” B cells were isolated
from splenocytes by depletion of CD43* cells with anti-CD43-conjugated magnetic beads as
per manufacturers protocol. (MACS anti-mouse CD43; Miltenyi Biotec). B cell purity was
routinely >97% and fewer than 1% of these cells were plasmablasts based on B220'°W and
CD138" phenotype.

2.3 Flow Cytometry

Cells were resuspended in PBS containing 1% FCS and 0.05% sodium azide and incubated
with an optimal dilution of fluorochrome conjugated antibodies. Antibodies employed
included those specific for B220 (RA3-6B2, BD), IgM (b-7-6), IgD (11-26¢, Southern
Biotech), IgM?2 (RS3.1), SHIP-1 (polyclonal rabbit antibody against the C-terminal 100aa),
CD138 (281-2, BD), CD23(EBVCS-5, Biolegend), CD21 and D1.3 anti-HEL recognizing a
distinct, non-hindering HEL epitope [20]. The D1.3 hybridoma was obtained from Richard
Willson (Univ. of Houston ) via National Cell Culture Center (www.nccc.com/). Antibodies
to SHIP-1, CD21, IgM@, IgM and HEL (D1.3) were produced in our own laboratory and
were directly conjugated to Alexa (Invitrogen) or DyLight (Pierce) fluorochromes,
according to the manufacturer’s protocol. For detection of plasmablasts, splenocytes were
first stained with B220-FITC and CD138PE, then fixed and permeabilized with BD Cytofix/
Cytoperm™ and stained with HEL-DyLight 650 (HEL from Sigma reconstituted and
conjugated to DyLight-650). Cells that were highly stained with HEL-DyL ight 650 were
routinely found to be CD138 positive (data not shown). Cells were analyzed on a Cyan
(Beckman Coulter) or LSRII flow cytometer (BD) with data analysis using FlowJo (Tree
Star).
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2.4 Analysis of calcium mobilization

For measurements of relative intracellular free calcium concentration in follicular B cells
([Ca?*];), B220-FITC, CD23-PE-Cy7, CD21-Alexa 647-stained splenocytes were loaded at
room temperature with Indo-1 acetoxymethyl (Indo1-AM) (Molecular Probes) as described
[7] and resuspended at 5x10%cells/ml in IMDM with 1% fatty acid free BSA. Samples were
transferred to 37°C 15 minutes prior to analysis. Analysis was initiated and the baseline
FL-5/FL-4 ratio was established. After 30 sec cells were stimulated with F(ab’), rabbit anti-
mouse IgM (Zymed) or HEL (Sigma) for 2.5 minutes. Relative mean intracellular calcium
ion concentration [Ca%*]; was measured over time using an LSR 11 flow cytometer (BD) and
data analyzed using FlowJo software (Tree Star). Integrated calcium response was
determined by calculating the area under the curve delineated by the baseline of each sample
at T=30 seconds and relative mean fluorescence ratio over time.

2.5 Receptor occupancy

To establish background and 100% occupied receptor controls for each sample, 1-3x108
MD4 splenocytes in 200 uL PBS were incubated with saturating concentrations of HEL (200
ng/ml PBS HEL (Sigma) or PBS alone on ice for 15 min. They were then fixed using PFA at
a final concentration of 2% volume/volume, then washed and stained with anti-B220-PerCP,
anti-lgM2-FITC, anti-lgD-PE and D1.3-DyL.ight 650 anti-HEL. Staining was analyzed on an
LSR 1l flow cytometer (BD). Mean fluorescence intensity (MFI) of HEL-preincubated B
cells provided a 100% occupied measure, T cells yielded a measurement of background
intensity. MFI of PBS-pretreated B cells provided a measure of occupied BCR with T cells
again controlling for background. Parenthetically, the 0% occupied naive B cell control
staining was equivalent to that of T cells (data not shown). To measure the proportion of
receptors occupied by HEL in experimental samples, each cell population was stained as
described above and their MFI minus MFI of background control divided by that of the
100% occupied internal control minus the MFI of background control for the same
population. This value was multiplied by 100 to obtain the percentage of receptors occupied
by HEL (Figure 1).

2.6 In vitro antigen stimulation

Splenocytes were incubated for 2 hours at room temperature with 0-30 ng/mL HEL. Cells
were maintained in these concentrations of HEL during all subsequent staining and washing
procedures, and throughout the calcium mobilization assay.

2.7 Enzyme-Linked Immunosorbent Assay (ELISA)

For detection of IgM anti-HEL in serum of mice, 96-well microtiter plates (Costar) were
coated with HEL (10 pg/mL) in PBS, followed by incubation with blocking buffer solution
(2 mg/mL bovine serum albumin (BSA). Mouse serum was diluted serially in PBS and 100
UL incubated in the 96 well plates overnight at 4°C. Between all steps the plates were
washed 4 times with PBS-0.05% Tween-20. IgM anti-HEL was detected with an HRP-
conjugated goat anti-mouse IgM (u chain (Southern Biotechnology). For detection of anti-
HEL IgM:HEL complexes microtiter plates were coated with 10 pg/mL D1.3 anti-HEL in
carbonate buffer, then washed and incubated as above. Complexes were detected using
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HRP-conjugated goat anti-mouse IgM (u chain-specific) (Southern Biotechnology). The
ELISAs were developed with TMB single solution (Invitrogen) and the reaction was
stopped with 1N H,PO, (Sigma). The OD was determined at 405nm using a VERSAMax
plate reader (Molecular Devices) and data analyzed using PRISM software.

2.8 ELISPOT assay for quantification of cells secreting anti-hen egg lysozyme antibodies

For ELISPOT analysis, 96-well plates were coated with 10 ug/ml hen egg lysozyme (HEL)/
well, incubated at RT for 2 h, and blocked with 2% BSA in PBS for 2 h. Plates were then
washed three times with PBS + 0.05% Tween, with the final wash consisting of IMDM with
10% FCS. Freshly isolated splenocytes were washed and resuspended in IMDM with 10%
FCS. 2-fold serial dilutions were made starting with 1/100t" of a spleen in the first well.
Samples were incubated at 37°C for 6 h. The cells were then lysed by washing three times
with PBS + 0.05% Tween, letting each wash sit for 10 min at RT. Plates were then
incubated with RS3.1-biotin (anti-lgMa; 1:2000) in PBS at 4°C overnight. The plates were
incubated with Streptavidin-AP (as directed by provider; Southern Biotech Cat. No. 7100-
04) in PBS at RT for 1-2 hours. Between each incubation plates were washed four times
with PBS + 0.05% Tween. Plates were developed with Elispot developing solution (25 mM
5-bromo-chloro-3-indolyl phosphate p-toluidine,100 mM NacCl, 100 mM Tris, 10 mM
MgCI2 [pH 9.5]) for 1 h. The reaction was stopped by washing the plate three times with
double-distilled H,0. ASC frequency was calculated based on number of spots at a cell
dilution in the linear range [21].

2.9 B cell adoptive transfer

108 splenic B cells isolated by depletion of CD43" cells were labeled with Cell Trace Violet
(Invitrogen) according to manufacturers protocol, then resuspended in 200 pl PBS and
injected i.v. into non-irradiated C57BL/6 or ML-5 mice. Mice were rested for three days to
allow B cell tolerance to develop, before spleens were harvested and analyzed.

2.10 Statistical Methods

3. Results

Student’s unpaired t-test was used to determine statistically significance of differences
between sample groups. Error bars represent the standard error of the mean.

3.1 The SH2-containing inositol 5-phosphatase SHIP-1 negatively regulates BCR signaling
in naive, low dose antigen-primed and antigen desensitized B cells

To first address the role of SHIP-1 in regulation of BCR signaling in a reductionist in vitro
setting we assessed the effect of B cell-targeted SHIP-1 deletion on antigen-induced calcium
mobilization responses of ex vivo MD4 anti-HEL B cells. We compared effects of SHIP-1
knockout on responses of naive B cells and B cells that had been incubated with varied
concentrations of antigen at 37°C for two hours. B cell-targeted SHIP-1 knockout was
accomplished using mb1 promoter driven CRE in floxed SHIP-1, anti-HEL (MD4)
immunoglobulin transgenic mice. Antigen receptor occupancy of control and pre-incubated
populations was assessed by staining cells with the D1.3 anti-HEL monoclonal antibody that
binds an epitope distinct from MD4 (Figure 2A) [20]. Receptor occupancy (RO) increased
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as antigen exposure increased with 1ng HEL/2x108 cells/ml leading to 14% RO, 3ng
HEL/ml leading to 41% RO and 10ng HEL/ml leading to 86% RO in SHIP-1-sufficient
MD4 B cells. IgD expression remained unchanged at all levels antigen exposure, while IgM
was decreased slightly following exposure to antigen at the highest antigen concentration,
yielding 86% RO (Figure 2A). Receptor occupancy and IgD expression were unaffected by
SHIP-1 deficiency, but IgM expression was reduced in SHIP-1 deficient cells as has been
previously reported [13] (Figure 2A).

Absence of SHIP-1 led to enhanced late phase calcium mobilization responses by naive
MD#4 follicular B cells (B220*CD23*CD21*) to HEL stimulation (Figure 2B). MD4 B cells
primed by treatment with HEL under conditions leading to occupancy of 14% of BCR,
described above, responded more rapidly to antigen stimulation, and absence of SHIP-1 in
these cells led to a robust increase in the amplitude and duration of this response. Analysis
of the integrated area under the curve revealed a five-fold increase in the calcium response
of SHIP-1 deficient as compared to SHIP-1 sufficient 14% RO B cells.

Anergic B cells from MD4.ML-5 mice are known to maintain around 40-50% RO and yet
the remaining 50-60% of receptors that are unoccupied do not mediate significant calcium
mobilization upon further antigen stimulation [22, 23]. Consistent with these observations,
invitro incubation of naive MD4 B cells with HEL at concentrations that resulted in 41%
receptor occupancy (Figure 2A) rendered cells unresponsive to subsequent HEL stimulation
(Figure 2C). However, equivalently pretreated SHIP-1-deficient MD4 B cells mounted a
significantly increased calcium mobilization upon HEL stimulation. The response of 49%
RO SHIP-1 deficient cells was increased by relative to SHIP-1 sufficient cells suggesting
loss of anergy.

These findings indicate that SHIP-1 functions as a negative regulator of BCR signaling in
naive follicular B cells, as well as in cells that have encountered sufficient antigen to prime
for a subsequent response. Considered in the context of central tolerance, increased
responsiveness of naive SHIP-1 deficient B cells suggests that absence of SHIP-1 might lead
to more efficient receptor editing and clonal deletion (Figure 2B). Conversely, failure of
MD4 B cells exposed to higher doses of antigen to maintain unresponsiveness suggests that
absence of SHIP-1 may compromise anergy in vivo (Figure 2C).

3.2 B cell-targeted SHIP-1 deficiency leads to autoimmunity in MD4.ML-5 mice

To explore the B cell intrinsic role of SHIP-1 in induction and maintenance of B cell
tolerance in vivo we first analyzed the effect of mb1 promoter driven CRE deletion of
SHIP-1 on tolerance in HEL anti-HEL (MD4.ML-5) mice. In these mice SHIP-1 expression
is decreased by >90% in mature splenic B cells and this depletion occurs early in B cell
development due to activation of CRE expression at the pro B cell stage of development
[10]. Characterization of SHIP-1 gene-targeted Ars/Al mice revealed a 70% reduction of B
cells in spleens relative to controls [24]. A recent report showed a similar reduction of
peripheral B cells in C57BL/6 mice in which SHIP-1 is ablated in B cells [14]. This finding
is suggestive of enhanced central tolerance, which is consistent with the observed enhanced
BCR signaling of naive follicular B cells lacking SHIP-1 (Figure 2B). Consistent with
previous reports of anergy-based tolerance, B cells from control MD4.ML-5.mb1¢re/t mice
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expressed >90% reduced levels of cell surface IgM and normal levels of IgD (Figure 3A),
exhibited blunted BCR-mediated calcium signaling responses (Figure 3B) and showed
>40% BCR occupancy by HEL (Figure 3F). These animals did not spontaneously produce
anti-HEL antibody (Figure 3C) or anti-HEL antibody secreting cells detectable by ELISPOT
(Figure 3D). Finally, IgM anti-HEL immune complexes were not detected in peripheral
blood, consistent with lack of antibody production. In contrast, ex vivo B cells from
MD4.ML-5.mb1¢eMWt SHIP-1/fl mice expressed only slightly reduced (<5%) mlgM levels
(Figure 3A) and mounted very robust calcium mobilization responses following antigen
stimulation (Figure 3B), both consistent with loss of anergy. These mice spontaneously
produced high levels of antibody secreting cells (Figure 3D) and serum anti-HEL IgM
(Figure 3C), some of which was detected in immune complexes (Figure 3E). Interestingly,
these B cells exhibited 22% receptor occupancy (Figure 3F), a level that would not be
expected to induce or sustain anergy (Figure 2)[22].

Taken together, these data demonstrate that loss of SHIP-1 in MD4.ML-5 B cells leads to
loss of tolerance. However, an interpretation of loss of anergy per se is clouded by the fact
that MD4.ML-5.mb1¢e/Wt SHIP-1f/fl mice produce anti-HEL antibody that by neutralizing
HEL reduces BCR occupancy sufficiently to prevent induction/maintenance of anergy. Thus
while it is clear that B cells must express SHIP-1 to maintain tolerance, this breech cannot
with certainty be ascribed to anergy.

3.3 MD4.ML-5 bone marrow chimeric mice require SHIP-1 to maintain B cell tolerance

To explore the role of SHIP-1 in maintenance of tolerance in an alternate model, we
constructed bone marrow chimeras in which lethally irradiated WT or ML-5 mice were
reconstituted with MD4.mb1¢eWt SHIP-1f/fl or control MD4.mb1¢"/Wt hone marrow cells.
After allowing 12 wks for reconstitution we analyzed parameters as described in figure 3. In
ML-5 recipients, SHIP-1 sufficient MD4 B cells were anergic based on reduced migM
expression while IgD expression was unchanged (Figure 4A), reduced calcium mobilization
following antigen stimulation (Figure 4B), and lack of anti-HEL antibody production
(Figures 4C, D and E). Consistent with induction of anergy, antigen receptor occupancy
exceeded 40%. In ML-5 recipients of MD4.mb1¢re™t sH|P-1/fl hone marrow, SHIP-1
deficient B cells expressed variably reduced migM (Figure 4A), but despite this underwent
robust calcium mobilization responses following antigen stimulation (Figure 4B).
Differentiation of these cells to antibody secreting cells was evident (Figure 4D), and
antibody was detectable in blood (Figure 4C and E). Analysis of the timecourse of
appearance of anti-HEL in peripheral blood revealed that by 5 weeks following bone
marrow transfer, 60% of the ML-5 mice that received MD4.mb1¢eWt, SHIp-1/fl hone
marrow were producing detectable anti-HEL and this increased to 100% by 10 weeks (data
not shown). While these data were consistent with loss of anergy, analysis of BCR
occupancy again revealed that restoration of responsiveness was associated with levels of
antigen receptor occupancy too low to maintain anergy (Figure 4F).
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3.4 B cell intrinsic SHIP-1 is required for induction of anergy following adoptive transfer of
MD4 B cells into autoantigen-sufficient ML-5 recipients

Experiments using in vivo models in which SHIP-1 deficient MD4 B cells are exposed to
autoantigen throughout their development clearly demonstrate a requirement for B cell
intrinsic SHIP-1 to induce and/or maintain tolerance. However, due to the confounding
effects of high affinity autoantibody production and resultant neutralization of antigen it is
unclear whether this reflects failure of central tolerance, failure to induce anergy or failure to
maintain anergy once induced. It has been shown that transfer of MD4 anti-HEL B cells into
HEL-producing ML-5 mice leads to induction of anergy as indicated by failure to generate
anti-HEL secreting cells in response to HEL-HRBC immunization [8, 22]. This
experimental paradigm afforded an opportunity to examine requirements for SHIP-1 for in
vivo induction of anergy under conditions of constant autoantigen availability.

Proliferation reporter dye-labeled splenic B cells from MD4.mb1cre/t sH|p-1f/fl or
MD4.mb1¢"¢/Wt control mice were transferred into ML-5 or WT recipients and three days
later serum anti-HEL antibody and parameters of B cell activation and differentiation
assessed. Anti-HEL antibody levels were negligible in all ML-5 mice at three days
following transfer (Figure 5A). As shown in figure 5, following transfer to ML-5, SHIP-1
sufficient MD4 B cells underwent proliferation, but did not differentiate into antibody
secreting cells (Figure 5C). SHIP-1-deficient MD4 B cells proliferated to a similar degree,
but a large proportion of these cells also differentiated as indicated by intracellular anti-HEL
staining, dilution of proliferation dye and generation of anti-HEL antibody secreting cells
(Figure 5C, 5D, 5E). The cytoplasmic HEL population is CD138 positive (data not shown).
These data indicate that while SHIP-1 sufficient MD4 B cells are initially activated by
exposure to antigen in ML-5 mice, this response is rapidly aborted as cells become anergic.
However, SHIP-1-deficient MD4 cells respond to antigen in ML-5, undergoing proliferation
and, in addition, differentiation to become antibody secreting cells. Thus it would appear
that in the absence of intrinsic SHIP-1 MD4 anti-HEL B cells are not rendered anergic by
exposure to high affinity autoantigen (HEL) in vivo.

4. Discussion

Elucidation of the mechanisms operative in inducing and maintaining B cell anergy is
critical for understanding how autoimmune diseases originate. In this study we utilized a B
cell-specific knockout to examine the role of SHIP-1 in the HEL anti-HEL (MD4.ML-5)
mouse model of B cell anergy. We studied the impact of SHIP-1 deficiency in four
experimental conditions: an in vitro system in which mature ex vivo B cells were exposed to
self-antigen and their subsequent responsiveness assessed; and in vivo approaches using 1)
MD4.ML-5 mice, 2) bone marrow chimeric MD4-->ML-5 mice, and 3) adoptive transfer of
mature MD4 B cells into ML-5 mice. Results in all models extend conclusions drawn in
studies of the Ars/Al low affinity anti-chromatin anergy model by demonstrating that
SHIP-1 is also required for induction and maintenance of B cell anergy in a model in which
BCR have high affinity for a protein autoantigen, HEL, which does not stimulate innate
immunity. Importantly, we also report the unexpected finding that SHIP-1-sufficient mature
MD4 cells proliferate in vivo in response to initial exposure to autoantigen but do not
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differentiate to become antibody secreting cells, thus the manifestation of anergy. This
deficit in differentiation is overcome by SHIP deficiency, as SHIP-1-deficient B cells are
able to both proliferate and differentiate upon in vivo exposure to autoantigen.

Due to the very high affinity of HyHEL10 BCR/antibodies produced by the MD4 mouse,
use of four experimental approaches was important to obtain clear picture of the function of
SHIP-1 in this model. In the in vivo experiments described in figure 3 and 4, SHIP-1-
deficient anti-HEL B cells were clearly not rendered anergic, but more careful scrutiny
revealed that there was insufficient occupancy of antigen receptors on these cells to induce
anergy. These mice produced high levels of anti-HEL IgM antibody in response to
endogenous HEL, and some of this antibody occurred in immune complexes in association
with HEL. The inevitable conclusion is that tolerance was defeated by lack of SHIP-1 in B
cells, but no firm conclusion could be drawn regarding whether this reflected loss of anergy;
peripheral B cells in these mice were essentially ignorant due to low effective autoantigen
concentration. Therefore we were confined to use of strategies in which loss of anergy could
be assessed in the absence of confounding anti-HEL antibody. Two approaches provided
this possibility. The first, described in figure 2, involved in vitro exposure of naive anti-HEL
B cells to their autoantigen at concentrations sufficient to occupy a proportion of receptors
(~40%) shown previously to induce anergy, followed by analysis of responses to stimulation
of available BCR. These studies revealed that in the absence of SHIP-1, these levels of
receptor occupancy do not result in BCR desensitization, a surrogate measure of anergy. A
complementary approach is shown in figure 5 in which naive MD4 anti-HEL B cells were
transferred to HEL-sufficient recipients. Previous studies have shown that B cells are
rendered anergic following such transfers [25, 26]. SHIP-1-deficient B cells did not become
anergic following transfer, rather they mounted a robust immune response to the endogenous
autoantigen.

Our previous characterization of the effect of B cell-targeted SHIP-1 deletion revealed that
SHIP-1 is required to induce and/or maintain tolerance in C57BL/6 mice. These mice,
possessing a wild-type BCR repertoire, develop lupus-like autoimmune disease
characterized by production of high levels of anti-chromatin autoantibodies, and exhibit a
lifespan of less than one year [10]. This may reflect breach of ignorance or anergy, or failed
induction of central tolerance in chromatin-reactive cells in the natural polyclonal repertoire
[5]. However, in view of a recent report that loss of SHIP-1 leads to enhanced central
tolerance, this seems most likely to reflect breach of anergy or ignorance [13]. Supporting
the latter, we recently showed that B cell-targeted loss of SHIP-1 in anti-DNA BCR
transgenic Ars/Al mice leads to failure to silence B cells by anergy, despite evidence of
continued B cell exposure to autoantigen [10]. Finally, we found that SHIP-1 and its adaptor
Dok-1 are tyrosine phosphorylated in both anergic Ars/Al and MD4.ML-5 B cells [10].
These observations led us to strongly suspect that SHIP-1 is involved in the maintaining
anergy in both of these phenotypically similar anergy models, and in wild-type C57BL/6
mice. This seemed somewhat surprising given a previous report that expression of the
inositol phosphatase PTEN is increased in anergic B cells in MD4.ML-5, and is required to
maintain anergy in this model [14]. PTEN is not upregulated in the anergic Ars/Al B cells
[10] but loss of PTEN leads to loss of anergy in this model (Getahun and Cambier,
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submitted). Both SHIP-1 and PTEN act to reduce PI(3,4,5)P3 required for activation of
PLCy, BTK, PDK1, rasGRP and AKT during BCR signaling [27]. Based on findings
described here it appears that in MD4.ML-5 anergic B cells dual mechanisms are activated
to reduce PI(3,4,5)P3 levels, thus inhibiting the P13-kinase pathway signaling, while only
increased SHIP-1 function is induced in the lower affinity Ars/Al model. Further studies
will be required to determine why these models differ in this regard, but it seems most likely
due to differing affinity of the BCR for antigen. “Stronger” anergy enforcing BCR signals
driven by higher affinity autoantigens may uniquely activate transcription or post-
transcriptional mechanisms leading to increased PTEN expression.

The initial motivation for the studies described here was provided by a report that concluded
that SHIP-1 is not required for B cell anergy in the MD4.ML-5 model [13]. Seeking to
examine the effect of BCR signal strength on B cell development and negative selection, the
Bolland group utilized loss of SHIP-1 to increase PI3-kinase pathway amplitude. They
showed that loss of SHIP-1 enhanced central tolerance induction and increased antigen
sensitivity of B cells in the periphery, while also causing spontaneous down-regulation of
membrane IgM expression. They then studied bone marrow chimeras of SHIP-1-deficient
MD4 mice and HEL-expressing ML-5 mice, and concluded that anergy remains intact in
SHIP-1 deficient B cells. This interpretation was based solely on the fact that membrane
IgM was downregulated. Studies reported here indicate that this conclusion was erroneous,
and underscore the fact that anergy is not mediated by migM modulation, and further that
mlgM modulation is not a reliable surrogate measure of anergy.

The experiments conducted in this study yielded an additional interesting finding that has
not been reported previously. We found that mature naive SHIP-1 sufficient MD4 B cells
transferred into an antigen rich ML-5 environment proliferate but do not differentiate to
antibody forming cells. This is surprising in view of early studies indicating that
proliferation in response to this putative thymus dependent antigen requires cognate T cell
help [25, 26, 28], yet in ML-5 mice HEL specific T cells are chronically exposed to systemic
HEL and thus are reportedly tolerant [29].

It is possible that this T cell tolerance is leaky and thus supports B cell proliferation but not
differentiation, or that HEL-induced MD4 B cell proliferation, but not differentiation, is T
cell independent. These findings are interesting in view of early studies suggesting that
ambient cytokines may provide sufficient “help” to achieve naive B cell proliferation but not
differentiation [30]. There seemingly are no absolutes. Finally, abortive B cell proliferation
in response to antigen is reminiscent of the situation in T cells where adoptive transfer of T
cells into recipients expressing their cognate antigen led to robust proliferation followed by
onset of tolerance [31]. Thus under certain circumstances autoreactive B cells first
encountering their autoantigen in the periphery may proliferate prior to onset of
unresponsiveness. This has interesting implications regarding the sites of SHIP-1 regulatory
function in anergy. As we have previously shown, in addition to BCR signaling SHIP-1
regulates responses to chemokines and presumably other ligands whose signaling requires
P13-kinase activation, including those required for B cell differentiation into plasma cells.
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Figure 2. SHIP regulates BCR-mediated signaling in naive, antigen primed and anergic B cells
Immediately ex vivo MD4 splenocytes were incubated for two hours at 37°C with various

concentrations of HEL (0-30ng/mL) before; A. Levels of IgM and 1gD expression by
SHIP-1 sufficient (black traces left panels) or SHIP-1 deficient (gray traces left panels) B
cells were assessed relative to proportion of BCR occupied by HEL (RO) (black line on
right panels). Receptor occupancy was determined as described in section 2.5. Also shown
in left panels is negative control T cell staining (gray shaded histograms). In right panels
staining of zero (T cells, gray shaded) and 100% receptor-saturated B cells (gray) controls
are also shown. B. B cells that had been incubated with concentrations of HEL that achieved
0% or 14% receptor occupancy were Indo1-AM loaded and intracellular free calcium
monitored before and after stimulation with 15 ng/mL HEL. Responses of SHIP sufficient
(black) and SHIP deficient (gray) B cells are shown. Integrated calcium response (right
panel) was derived from determination of the area above the baseline (at time of stimulation)
of each sample. C. Cells incubated with sufficient antigen to achieve 41% RO were Indol-
AM loaded before analysis of HEL-induced calcium mobilization as above; SHIP sufficient
(black), SHIP deficient (gray). Integrated calcium mobilization scaled to relative [Ca%*]; is
shown at right. Experiment was repeated more than four times pooling B cells from three
mice per experimental group.
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Figure 3. B cells from SHIP-deficient MD4.ML-5 mice are ignorant of HEL
A. IgM and IgD expression by ex-vivo splenic B cells from SHIP-sufficient MD4.ML-5

(black), SHIP-deficient MD4.ML-5 (gray), MD4 (dashed black), SHIP-1 deficient (dashed
gray) and T cells (gray shaded) is shown. B. Splenic B cells from SHIP-sufficient
MD4.ML-5 (black), SHIP-deficient MD4.ML-5 (gray) and MD4 SHIP-sufficient control
mice (dashed black) were Indo1-AM loaded and stained with non-stimulating antibodies
specific to B220, CD21 and CD23. Follicular B cells were identified by gating on B220*,
CcD23NM, cD21Mid cells and intracellular free calcium of these cells was monitored before
and after stimulation with 15 ng/mL HEL. Receptor occupancy of each population was
assessed immediately ex vivo and is noted adjacent to trace. C. Anti-HEL antibody levels
were determined by ELISA of serum from SHIP-sufficient MD4.ML-5 (square), SHIP-
deficient MD4.ML-5 (circle) and C57BL/6 (triangle) mice. D. Anti-HEL antibody secreting
cells (ASC) were measured by ELISPOT analysis of splenocytes from MD4.ML-5 mice in
which B cells were SHIP-sufficient (squares) or SHIP-deficient (circles). Shaded area
reflects the lower limit of detection of the assay. E. IgM2 anti-HEL:HEL complexes were
measured by ELISA of serum from SHIP-sufficient MD4.ML-5 (squares), SHIP-deficient
MD4.ML-5 (circles) and C57BI/6 mice (triangles). F. BCR occupancy by HEL in splenic B
cells from SHIP-sufficient MD4.ML-5 (left panel) or SHIP-deficient MD4.ML-5 (right
panel) mice. Shown are histograms illustrating occupancy of experimental populations
(gray), compared to internal 0% occupancy (gray shaded) and 100% occupancy (black)
controls. Bar graph below shows quantification of RO distribution for all mice in
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experiment; SHIP-sufficient (black), SHIP-deficient (gray). Characterization was repeated
twice with at least three mice per experimental group.

J Autoimmun. Author manuscript; available in PMC 2016 August 01.



1duosnue Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuep Joyiny

Akerlund et al.

Page 18

A 100 A B 81

o ¥ ¢ ]

2 i o 57 I,

E 80 i =3 4] AN

c 60 | ;' i ‘t‘m ;A — Anti-lgM 4 v, "

i 8882} e e,

| ©

s 40 { [} MR

E] . 5Oy 17—----*"

<20 i ¢3S T ;

x e j L ] 0 100 150

0 "'" 7 Time (s)

10° 10" 10?2 10° 10° 10" 102 10°
IgM expression IgD expression

(¢}
)

3

3 3

: HHHH)I
1 &

0 L

IgM anti-HEL
(OD 450)

Anti-HEL Elispot/spleen

3,

3

)
cSLSTENNL
Se885IIE5SS

3 b1y

Reciprocal of serum dilution

E F 39 A

3 2
=
5 3

o3 | % g 40
Y 2 ‘% o
z8 1 5
wo 2

Ix ‘}\ 220
=28 1 X o
=N } -4
s 3 £

XN I e, i

09098 ob(
9885838588 &% Q@\«;-
R S
Reciprocal of serum dilution 0»& ,,\“ &69':&\"
N 7
NI
S

Figure 4. Lack of B cell anergy in SHIP-deficient MD4-->ML-5 bone marrow chimeric mice
reflects ignorance

Splenocytes and serum were isolated from chimeric ML-5 mice 12wk after transfer of MD4
bone marrow. A. IgM and IgD expression by SHIP-sufficient (black), SHIP-deficient (gray)
B cells, as well as positive control MD4 B cells (dashed black) and negative control T cells
(gray shaded). B. Cells were Indo1-AM loaded and B cell intracellular free calcium
monitored before and after stimulation with 15 ng/mL HEL; responses of SHIP-1-sufficient
(black), SHIP-1-deficient (gray) and MD4 SHIP-sufficient control B cells (dashed black) are
shown. C. Serum IgM anti-HEL concentrations were determined by ELISA. Shown are
antibody levels in mice containing SHIP-sufficient (square) and SHIP-deficient (circle) B
cells. D. Splenic ASC were measured by ELISPOT. Shown are ASC in spleens of mice in
which B cells were SHIP sufficient (squares) or SHIP deficient (circles). Shaded area
reflects the 100 ASC/spleen limit of detection of the assay. E. IgM?2 anti-HEL:HEL immune
complexes were measured by ELISA in serum from chimeric mice in which B cells were
SHIP sufficient (squares) or SHIP deficient (circles). F. HEL occupancy of BCR on ex vivo
SHIP-sufficient (black) and SHIP-deficient (gray) B cells. Experiment was repeated twice
with 3-5 mice per experimental group.
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Figure 5. SHIP-deficient mature MD4 B cells are not rendered tolerant upon adoptive transfer
to ML-5 recipients

Isolated B cells from SHIP-1-sufficient or SHIP-1-deficient MD4 mice were adoptively
transferred to ML-5 recipients. Three days later the status of transferred B cells and
recipients was assessed. A. Serum IgM anti-HEL was measured by ELISA; shown are
titration data from recipients of SHIP-1-sufficient (square) and SHIP-1-deficient (circle)
animals, as well as serum antibody levels in an unimmunized MD4 mouse (triangle). B. B
cell antigen receptor occupancy by HEL was determined as previously described; shown are
percent of antigen receptors on transferred MDA4 cells that are HEL occupied in recipients of
SHIP-sufficient (black) and SHIP-deficient (gray) B cells. C. For detection of proliferation,
B cells were labeled with cell tracker violet (CTV) before transfer and dye dilution assayed
three days after transfer. Shown is proliferation of SHIP-sufficient MD4 B cells transferred
into ML-5 (solid black), SHIP-deficient MD4 B cells transferred to ML-5 (solid gray),
compared to SHIP-sufficient MD4 transferred to C57BL/6 (dashed black), SHIP-deficient
MDA4 transferred into C57BL/6 (dashed gray) and unlabeled T cells (shaded gray) adjacent
bar graph shows quantification of proliferated IgM?2 B cells from SHIP-sufficient (black) and
SHIP-deficient (gray). D. Differentiated anti-HEL B cells were identified as B220*, IgM?2*,
intracellular anti-HELN9" and CTVMe9, Shown are frequencies of differentiated anti-HEL B
cells in recipients of SHIP-1-sufficient (black), SHIP-1-deficient (gray) MD4 B cells. E.
IgM?@ Anti-HEL antibody secreting cells were detected by ELISPOT as described. Shown
are ELISPOTSs per spleen in indicated donor recipient combinations. Statistical analyses
noted are two separate comparisons; first between SHIP-1 sufficient versus deficient donor
cells transferred into ML-5 recipients and secondly comparing C57B/6 and ML-5 recipients
of SHIP-1 deficient donor cells. Experiment was repeated two times with four or five mice
per experimental group.
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