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Radiation-Induced Apoptosis in B Cells: A Pivotal Role

for STAT3!
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Radiation-induced apoptosis (RiA) is used therapeutically
Jfor tumor cell ablation as well as a tool to characterize
hemopoietic cell lineages. We report that the peritoneal
B-1 B cell subset is selectively resistant to RiA. Inherent
radioresistance is not shared by splenic B-2 or B-1 cells.
However, it is conferred upon B-2 cells by BCR crosslink-
ing in the presence of IL-6 or IL-10. In vivo experiments
with gene-targeted mice confirm that IL-6 and, to a lesser
extent, IL-10 are the relevant stimuli that combine with
BCR ligands to promote B-1 cell radioresistance. STAT3
promotes cell survival in response to selected growth fac-
tors, and is activated by combined BCR crosslinking and
IL-6 (IL-10). Importantly, STAT3™'~ B-1 cells become
susceptible to irradiation, indicating that STAT3 activa-
tion by the BCR in the presence of IL costimuli account for
the inherent radioresistance of peritoneal B-1 B
cells. The Journal of Immunology, 2006, 177:

6593-6597.
I as conventional or “B-2” cells), the B-1 B cell subset pre-
dominates in the peritoneal cavity (PeC) and produces an
abundance of protective natural Ab (1). Recent studies have
identified CD19* CD45R"*"/"8*" progenitor cells in the fetal
liver and adult bone marrow as preferentially giving rise to the
CD5" B-la and CD5" B-1b subsets, respectively (2). This
study supports earlier work suggesting that commitment to the
B-1 lineage occurs before expression of the BCR (3). However,
expression of particular Vi; and V| combinations encodes spec-
ificity for internal Ags such as Thy-1 or phosphatidylcholine,
leading to Ag-driven expansion and maintenance of particular
B-1 cell clonotypes (4—6).

Analysis of natural and induced mouse mutants provides an
opportunity to identify signaling components that differen-
tially regulate B-1 vs B-2 cell commitment, expansion, and sur-
vival. From such studies, it has become apparent that impair-

n contrast to mature recirculating B cells (also referred to

ments in tonic BCR signaling cause a preferential reduction in
the B-1 cell compartment (1). This conclusion seems at odds
with the general observation that B-1 cells are hyporesponsive
to BCR signaling. However, in vitro measurements address
acute effects of Ag stimulation, which contrasts with chronic Ag
stimulation thought to drive B-1 expansion and maintenance in
vivo. Interestingly, peritoneal B-1 cells constitutively express an
active form of the STAT3, which is essential for IL-6/IL-10 sig-
naling and serine phosphorylated upon BCR engagement (7,
8). In this study, we report that B-1 cells are selectively resistant
to ionizing radiation-induced apoptosis (RiA), and determine
the integrated roles of Ag, IL-6/IL-10, and STAT3 in this

response.

Materials and Methods

Animals. Mice were obtained from the following sources: wild
type (WT), IL-6 '/~ (B6;129S2-116"™%°P/]), and IL-10"'"
(B6.129P2-1110"'“8"/]) from The Jackson Laboratory;
STAT1 ™'~ (129S6/SvEvTac-Statl "™ *%/Tac) from Taconic
Farms; STAT5a/b™"~ (129-Stat5a"™ 7" Stac5b™ ™) from Dr.
J. Thle (St. Jude’s Children’s Hospital, Memphis, TN), and
VHI2 (Tg(Igh-V12CH27/Igh-6)6-1Shc) from S. Clarke
(University of North Carolina at Chapel Hill, Chapel Hill,
NC). Mice lacking STAT3 (129-Stat3"™'V?°) in B cells have
been described (9, 10). Animals were housed and handled in
accordance with protocols approved by the Institutional Ani-
mal Care and Use Committee of the University of California,
San Diego. For irradiation experiments, mice were exposed to
5-10 Gy gamma irradiation from a cesium source and apopto-
sis measured in cell populations 24—72 h later.

Cell culture. B cells from 6- to 8-wk-old mice were obtained
from the PeC by lavage or single cell suspensions made from
spleen. Splenic B-2 cells were purified by negative selection us-
ing anti-CD43 beads (Miltenyi Biotec). Cells were cultured at
1 X 10° cells/ml in complete RPMI 1640 and stimulated with
indicated concentrations of anti-IgM F(ab’), (Jackson Immu-

noResearch), IL-6 (PeproTech), and IL-10 (PeproTech).
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Flow cytometry. Single-cell suspensions were prepared and
RBC lysed with ACK buffer (0.15 M NH,CI, 1 mM KHCO,,
and 0.1 mM Na,EDTA, pH 7.4). Abs against the following
surface markers were obtained from BD Pharmingen: IgD-
FITC, IgM-allophycocyanin, CD23-PE, IL6Ra-PE, IL10RI-
PE, and Annexin V-PE. Apoptotic cells were identified by flow
cytometric analysis of sub-G(-G; peaks after staining in 1 mM
Tris (pH 8), 0.1% Triton X-100, 0.1% sodium citrate, 0.1 mM
EDTA, and 50 ug/ml propidium iodide (PI).

Results and Discussion

B-1 cells are resistant to gamma radiation-induced apoptosis

The use of bone marrow reconstitution for adoptive or autore-
constitution studies is based on the premise that progenitor and
mature hemopoietic cells are relatively susceptible to ionizing
radiation, whereas non-cycling stem cells are resistant. Similar
to hemopoietic stem cells (HSCs), B-1 cells are also known to
be long-lived self-renewing cells (1). To determine whether B-1
cells share the property of radioresistance with HSCs, mice were
irradiated, and the composition of the B cell compartment was
examined by flow cytometry. Importantly, B-1 cells persisted in
the PeC for weeks following sublethal (5 Gy) irradiation (Fig. 1,
a and b). Bromodeoxyuridine labeling studies confirmed that
these cells were not newly generated from the proliferative ex-
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FIGURE 1. Murine B-1 cells are radioresistant. 2, Flow cytometry profiles

of peritoneal B-1 (IthighIng"w) and B-2 (Ing"WIgDhigh) cells at indicated
time points postirradiation (5 Gy) (z = 6 mice). b, B cell recovery from PeC
48 h after indicated exposure (7 = 3 per group). ¢, Kinetics of in vitro cell death
determined by PI staining after 2 Gy exposure; representative of more than
three experiments.

CUTTING EDGE: RADIATION-INDUCED APOPTOSIS AND STAT3 IN B CELLS

pansion of a small subset of pre-existing or immigrating B cells
(data not shown). By comparison, B-2 cells are eliminated from
the PeC as well as the spleen at early time points, but re-emerge
after 8 wk as a result of autoreconstitution by bone marrow stem
cells (Fig. 1 and data not shown). Lethal (10 Gy) doses of ir-
radiation eliminated all B-2 cells and the vast majority of B-1
cells (Fig. 14).

B-1 cells are not thought to efficiently repopulate from the
bone marrow (1). Therefore, we reasoned that most B-1 cells
present in the PeC at 8 wk postirradiation were also present be-
fore irradiation (Fig. 14). To directly determine radioresistance
of the B cell subsets, purified splenic B-2 cells and peritoneal
B-1 cells were exposed to 2 Gy of irradiation and apoptosis
tracked over time in vitro. B-2 cells were found to rapidly un-
dergo apoptosis following irradiation, whereas B-1 cells main-
tained viability as measured by PI, Annexin V, and DiOCg
staining (Fig. 1cand data not shown). Thus, differentiation into
the B-1 subset is associated with acquired radioresistance.

Microenvironment of the peritoneal cavity is critical for B-1 cell
radioresistance

B-1 cells can be found in the spleen as well as the PeC and have
been shown to differ in their responses to extracellular stimuli
based upon anatomic location (6, 11, 12). Characterizing B-1
cells in the spleen is difficult due to their low frequency relative
to B-2 cells and phenotypic similarity to marginal zone B cells.
Therefore, to investigate whether splenic B-1 cells are similar to
peritoneal counterparts in terms of radioresistance, we used
mice expressing a rearranged Ig H chain transgene (VH12).
This Vi rearrangement is expressed in a high frequency of nor-
mal peritoneal B-1 cells and, when expressed as a transgene,
drives uncommitted B cells into the B-1 cell compartment (5).
VH12 mice were exposed to 5 Gy irradiation and the number of
B-1 cells in the spleen and PeC were compared relative to non-
irradiated mice. Fig. 24 shows that while VH12 peritoneal B
cells are radioresistant (like their endogenous counterparts in
WT mice), splenic VH12 B-1 cells displayed similar radiation
sensitivity to splenic B-2 cells. This finding suggests that the
PeC represents a distinct environment that supports the sur-
vival of B-1 cells.

Because B-1 cells in the spleen and B-2 cells in the PeC are
both susceptible to gamma irradiation, we reasoned that BCR
signaling and PeC-associated cytokine/growth factor respon-
siveness combine to establish the anti-apoptotic program in
peritoneal B-1 cells. To test this hypothesis, purified splenic B-2
cells were stimulated with anti-IgM F(ab’), and immediately
injected i.v. or into the PeC of syngeneic animals. Recipient
mice were exposed to 5 Gy of irradiation within 1 h after the
transfer and the efficiency of B-2 cell recovery (CFSE-labeled
cells) measured at 24 h posttransfer. Fig. 24 shows that BCR-
stimulation conferred survival to B-2 cells transferred into the
PeC but not the spleen of irradiated recipients. No evidence of
emigration from the PeC to the blood or secondary lymphoid
tissues was detected following irradiation (data not shown). In
addition, proliferative expansion cannot account for this effect
since significant partitioning of the CFSE membrane dye was
not observed (data not shown).

Whereas BCR engagement provided a significant survival ad-
vantage to B cells transferred into the PeC (Fig. 26), we found
that BCR stimulation in vitro offered minimal protection from



The Journal of Immunology

R4 in VH12 mice In-vivo Rescue

Peritoneal Cavity Spleen

e . wWT

—BTAT]
i -2 (1

5Gy

Ight =

w! " w " o w " ! E
CcD23 -

In-vitro Rescue
-- gozntrol .
-4 /i = D2 8xX VIVO
L& {ng/ml) = B-1 ex vivo
- I
- 10
—— 50
B-2:
— Unstimulated
- LPS
10
B-2: /
— Unstimulated B
- anti-
B-2: J
— Unstimulated
— anti-igh

6595

d

p=0.05

IL-6Ra—  IL-10RI—>

WT L6 110"

FIGURE 2. Cytokinesand cell activation contribute to B cell radioresistance. 2, Recovery of splenic B-1 cells from VH12 transgenic mice 48 h postirradiation (5
Gy, n = 3 mice). b, Rescue of B-2 cells from RiA. Purified CFSE-labeled splenic B-2 cells were left untreated or stimulated with anti-IgM (10 pg/ml) and imme-
diately injected i.p. or i.v. Recipient mice were irradiated (5 Gy) and transferred B cells from PeC or spleen were enumerated 24 h postirradiation. Graph represents

percent cell recovery from irradiated mice compared with non-irradiated mice (z = 3 mice per group). ¢, In vitro rescue of B cells from RiA. Purified splenic B cells

were irradiated (2 Gy) following an 18-h incubation with anti-IgM and/or IL-6. Apoptosis was measured by PI (sub-G,-G,) staining 24 h postirradiation; repre-
sentative of four experiments. &, Expression levels of IL-6 and IL-10 receptor on ex vivo and stimulated (24 h) B cells; LPS (1 ug/ml), anti-CD40 (10 ug/ml), and
anti-IgM (1 pg/ml). ¢, B cell recovery from the PeC of IL-67/~ and IL-10~/™ mice. Relative numbers of B-1 (CDZS"CgIgMMgh) and B-2 (CD23P°‘IgM]"W) cells were
analyzed before and after (48 h) irradiation (5 Gy). Graph represents percent cell recovery from the PeC of irradiated mice compared with non-irradiated mice

(average = SEM of at least three mice per group).

RiA (Fig. 2¢). This result suggests that the PeC provides an ad-
ditional survival factor(s) acting in concert with the BCR. A de-
fining feature of peritoneal B-1 cells, but not splenic B-1 or B-2
cells, is the expression of a transcriptionally active form of
STAT3 (13). Given that IL-6 induces the up-regulation of
STAT3-dependent prosurvival genes by binding to the IL-
6Ra/gp130 complex (7), we sought to address the role of IL-6
in acquired B cell radioresistance. Indeed, splenic B-2 cells stim-
ulated with varied concentrations of IL-6 and anti-IgM exhib-
ited a synergistic protective effect from gamma irradiation (Fig.
2¢). Despite its well-established role as a B cell growth and sur-
vival factor, IL-6 alone did not protect from RiA (Fig. 2¢). To
address the nature of this nonresponsiveness, we examined lev-
els of the ligand-binding IL-6Ra-chain on the surface of resting
and activated B-2 cells (Fig. 24). IL-6Ra expression was not
detected on freshly isolated resting B-2 cells, stimulation with
LPS, anti-CD40, or anti-IgM up-regulated IL-6 receptor ex-
pression (Fig. 24). Importantly, peritoneal and splenic (from
VH12 mice) B-1 cells constitutively expressed high and low lev-
els of IL-6Ra, respectively (Fig. 24 and data not shown). These
findings provide an explanation for acquired radioresistance by
IL-6/anti-IgM costimulation of B-2 cells, and are consistent
with the in vivo requirements for B-1 cell radioresistance pro-
vided by the peritoneal environment.

In addition to IL-6, IL-10 also activates STAT3 by engaging
the IL-10RI/RII complex. We found that splenic B-1 and B-2
cells expressed modest levels of IL-10RI that were up-regulated
upon activation, whereas B-1 cells constitutively expressed high
levels of IL-10RI, similar to IL-6Ra (Fig. 24). If the cytokine
environment of the PeC is indeed essential for resistance to RiA

of B-1 cells, the absence of these cytokines should render B-1
cells more sensitive to the effects of irradiation. To test this hy-
pothesis, we exposed IL-6 '~ and IL-10~/~ mice to sublethal
doses of irradiation and evaluated the number of B-1 cells re-
maining 48 h postirradiation. Both IL-6~'" and IL-107/~
mice possessed normal numbers of peritoneal B-1 and B-2 cells
(Fig. 2e). Following irradiation, B-2 cells were preferentially
lost, resulting in a relative increase in the percentage of B-1 cells
in all mice (Fig. 2¢). However, the absolute number of B-1 cells
from IL-6~'~ mice was substantially reduced compared with
non-irradiated mice, indicating that peritoneal B-1 cells be-
come susceptible to RiA in the absence of IL-6. A similar but
less dramatic effect was observed in IL-107/~ mice (Fig. 2e).
These results underscore the importance of the cytokine envi-
ronment, and IL-6 and IL-10 in particular, in promoting B-1
cell protection from RiA.

STAT3 activation is necessary for B-1 cell radioresistance

IL-10 signals through STAT1, STATS5, and STAT3, whereas
IL-6 primarily activates STAT3. B-1 cells in the PeC express
constitutively phosphorylated STAT3 and STAT1 (13), pre-
sumably due to stimulation by cytokines present in the PeC. It
has been reported that anti-Ig and IL-6/IL-10 synergize in the
activation of STAT3 (14), consistent with our hypothesis that
BCR engagement in the presence of IL-6/IL-10 protects B cells
from RiA via activation of STAT3. To directly determine
whether this is the case, we ablated STAT?3 in the B lineage by
crossing mice bearing a JoxP-flanked Sza:3 gene with mice ex-
pressing the Cre recombinase gene under the control of the B
cell-specific Cd19 promotor (9, 10). Importantly, B-1 cells were
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FIGURE 3. B-1 cell radioresistance requires STAT3. 4, B cell recovery from the PeC of STAT3/~, STAT1 /", and STATSa/b~ '~ mice. Relative numbers of
B-1 and B-2 cells were determined before and after (48 h) irradiation (5 Gy). Graph represents percent cell recovery from the PeC of irradiated mice compared with
non-irradiated mice (average = SEM of at =3 mice per group). 4, Impaired in vitro rescue of STAT3 '~ B cells from RiA. Purified splenic B cells from WT and
STAT-3"'" mice were cultured (18 h) in the presence of anti-IgM and/or IL-6 (#0p) or anti-IgM/TL-10 (botzom), irradiated (2 Gy), and apoptosis measured by PT
(sub-G-G,) staining 24 h postirradiation; representative of three experiments (mean = SEM).

maintained in the PeC of conditional STAT3 ™/~ mice, al-
beit at a somewhat lower frequency, but were significantly
more susceptible to RiA than strain/age-matched WT coun-
terparts (Fig. 34).

In addition to homodimers, STAT3 can form heterodimers
with STAT1, and to a lesser extent with STATS. Therefore, to
assess the specificity of the STAT3 defect in RiA, the B-1 cell
compartment was also examined in STAT1~/~ and STAT5a/
b™'" mice. Unlike conditional STAT3™/~ mice, both
STAT1 ™'~ and STATS5a/b™'~ mice showed significantly re-
duced numbers of peritoneal B cells (Fig. 34). The B cell defect
in STAT5a/b™’™ mice is likely attributed to impaired IL-7R
signaling in early B cell development (15, 16), whereas a B-1
cell defect has not been previously noted in STAT1™/™ mice.
Nonetheless, it appears that neither STAT1 nor STAT5a/b has
a clear role in B-1 cell RiA (Fig. 3a), illustrating that this is a
unique property of STAT3.

We have shown that costimulation of splenic B-2 cells with
anti-IgM and IL-6/IL-10 confers radioresistance (Fig. 2). To
determine whether this acquired property is STAT3-depen-
dent, B-2 cells from WT and STAT3 /™ mice were cultured
overnight in the presence of IL-6/IL-10 and/or anti-IgM, irra-
diated (2 Gy) and viability assessed 24 h postirradiation (Fig.
3b). Both IL-6 and IL-10 were found to synergize with anti-
IgM treatment in protecting B-2 cells from RiA. This effect was
largely dependent on STAT3, which was not detectable in
splenic B-2 cells from STAT3 ™'~ mice (data not shown).
Therefore, STAT3 appears to actively repress RiA downstream
of IL-6 and IL-10 in Ag-experienced peritoneal B-1 cells, a con-
dition that can be reproduced in B-2 cells through costimula-
tion of the BCR and the IL-6R or IL-10R complexes.

Our data demonstrate that B-1 cell radioresistance is a prop-
erty of B-1 cells conferred by Ag recognition in the context of
the cytokine microenvironment of the PeC. BCR crosslinking
induces up-regulation of IL-6Ra, allowing for synergistic acti-
vation of STAT3 by the BCR and IL-6R. IL-6 and IL-10 acti-
vate STAT3 via the Jak kinases, which phosphorylate STAT3 at

Tyr705, resulting in dimerization and nuclear translocation (7).
We previously found that BCR engagement selectively induces
STAT3 Ser727 phosphorylation in the absence of Tyr705 phos-
phorylation (8). This modification augments transcriptional
activation of STAT3 in the context of Tyr705 phosphorylation
(17). In its homodimeric form, STAT3 has oncogenic potential
(18, 19), likely through the up-regulation of target pro-survival
genes such as bcl-2, bel-x , and mcl-1, or down-regulation of fas.
Thus, B cell malignancies should be considered for emerging
clinical applications for STAT3 inhibitors.
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