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hearing loss (3). The urticarial rash observed in CAPS is sinular
to that associated with common urticaria. However, unlike the
lacter disorder. the rash observed in most CAPS patents responds
to therapy with IL-1 receptor antagonist rather than antlusta-
mines. suggesang that urticana in these patients 1s mediated by
[L-1. However. the cellular mechanism responsible for urticania
in CAPS patients remains poorly understood.

The mature torm of IL-18 is produced by cleavage of the
mactive pro—~JL-1f precursor by caspase-1, a protease activated
by a large multiprotein complex termed the inflammasome (6).
CAPS 15 caused by missense mutations in the gene, nucleotide-
binding oligomerizaton domain (NOD)-leucine-rich repeats
(LRRS) containing pyrin domain 3 (NLRP3) (7). whose prod-
uct is a component ot the inflammasome that includes the adap-
tor protein, apoptosis-associated speck-like protein containing a
caspase recruttment domain (ASC), and procaspase-1 (8, 9).
NLRP3, a member of the NOD-like recepror family, is an in-
tracellular recepror involved in the recognition of pathogen-
associated molecular patterns (PAMPs). Although several
microbial activators of NLRP3 have been reported, the precise
mechanism by which the NLRP3 inflammasome is activated
by PAMPs remains poorly understood. In the presence of ATP
or pore-forming molecules, several PAMPs, including LPS,
muramyl dipeptide, bactenial mRINA, and the antviral com-
pound R837, activate the NLRP3 influnumasome (10, 11). In
addition to PAMPs, NLRP3 senses endogenous danger signals
such as monosodium urate crystals and particulare matter in-
cluding asbestos, silica (12), and aluminum sales (13, 14). Dis-
ease-associated  NLRP3 mutations  associated  with  CAPS
localize to the centrally located NOD domain and constitu-
tively activate caspase-1 to produce active IL-15 (8, 15). NLRP3
is predominantly expressed in monocvtes. granulocytes, and
chondrocytes (16, 17), but to date, no reports have investigated
the cells in the skin that are involved in the development of

Normal skin

urticarial rash associated with CAPS. Our study identifies resi-
dent MCs in the skin as a cell population capable of producing
IL-1B via the NLRP3 inflammasome and provides evidence
that MCs mediate urticarial rash via dysregulated IL- 1B produc-
tion in the skin of CAPS patients.

RESULTS

Resident MCs produce constitutively mature IL-18

in CAPS skin

To identfy the source of [IL-1f in the human skin, we per-
formed immunolabeling of skin organ cultures with an antibody
(Ab) that recognizes p17, the mature torm of [L-1{3. Expression
of mature [L-18 was undetectable in normal skin cells but was
induced in resident cells by incubation of skin organ cultures
with LPS and R837 (Fig. 1). In contrast, cells i the dernus of
two MWS patents hatboring the E567K or K355T NLRP3
mutation and suffering from acuve disease but not receiving
any trearment expressed the mature torm of 1L-18 constitutively
without any stimulaton (Fig. ). Notably, the majority of
the mature [L-1B—positive cells colocalized with avidin-FITC
(Fig. 1), which specifically labels wyptase-positive MCs, but not
with HLA-DR, -DP. -DQ. a marker of DCs and macrophages
(Fig. S1), in both normal and CAPS skin.

MCs express inflammasome components and produce |L-1
in response to proinflammatory stimuli

We next analvzed the expression of inflammasome compo-
nents in MCs using mouse bone marrow-derived cultured
MCs (BMCMCs). The purity of cultured MCs. which was
>97%, was confirmed by surface expression of CDH45 and
Kit, as well as FITC-avidin labeling. Exclusion of DCs/mac-
rophages was further supported by the lack of I-A" expression
in the MC population (Fig. 52 A). BMCMCs consttunvely
expressed Caspl and the crincal adapror s, as determined
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Figure 1.
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MCs from the skin of CAPS patients expressing disease-associated NLRP3 mutations constitutively express the mature form of

IL-18. Human skin specimens were stained with FITC-avidin o ‘abel MCs {top] and Alexa Fluor 534-conjugated anti-IL-1f3 Ab that recogn:zes only the

mature form of IL- 1B {(middie). (bottom) Qvertay of fluorescence images of i

top and middle panels. The nuciel were countersia ned with Hoechst

333472 {blue). Normal skin represents organ skin cuitures with or witnout incubatior with 100 ng/m' LPS or LPS and 100 uM R837 for 24 h. Resuits are

representative of at least three separate experiments. Bars, 50 um.
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by RT-PCR analysis (Fig. 2, A and B). In contrast, there was
no or little expression of Nlip3 and II1b in MCs, but both
genes were induced by stimulation with LPS (Fig. 2, A and B},
which is consistent with what was reported in human mono-
cytes (18). Induction of Nlp3 and H1b by LPS was reduced
by treatment with MG-132, a broad proteasome inhibitor
that can affect several signaling pathways including NF-«xB
(Fig. 2 A), suggesting that induction of Nlip3 and Il 1b may
require NF-kB acuvation.

We next determined the ability of MCs to produce IL-1 in
response to proinflaimmatory stimuli known to activate caspase-1.
Samulation of MCs with LPS alone induced hule IL-1f secre-
tion, whereas treatment with R837, a small antiviral synthetic
compound that activates the NLRP3 inflammasome (11}, in-
duced potent IL-1§ secretion in MCs pretreated with LPS
(Fig. 2, C and D). In accordance with these results, R837 effec-
tively induced intracellular processing of pro—-IL-1B into p17 in
LPS-primed MCs, whereas secretion of mature [L-1f into the
culture supernatant was more potently induced by ATP than by
R837 (Fig. 2 1D). BMCMC:s did not express Tir7 mRINA as as-
sessed by real-time PCR (not depicted) and Tlt7 protein by
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immunobloting (Fig. S2 B), suggesting thar R837 promotes
caspase-1 activation independently of Tlr7 in MCs. In contrast,
incubation of MCs with LPS alone was sufficient to induce se-
cretion of TNF-a and IL-6 (Fig. 2, E and F). Notably, co-stim-
ulation with LPS and R837 did not induce MC degranulation
as determined by the release of B-hexosanunidase (Fig. 2 G) and
histamine (Fig. 3 A, right), indicating that the mechanisms in-
volved in IL-1B secretion and degranulation are differentially
regulated in MCs.

ATP stimulation through the purinergic P2X, ligand-gated
ion channel 7 receptor (P2X7R) is essential for the acuvation of
the NLRP3 mflammasome in macrophages (10, 19). We found
that in additon to R837, ATP induced secretion of IL-1f in
MCs stmulated with LPS (Fig. 2 D; and Fig. 3 A, left), which
is consistent with the expression of the P2x7r in MCs (20). K”
efflux induced by ATP 1s important for caspase-1 activation via
P2x7r (21), and this ion channel rapidly transitions to a pore-like
structure that allows passage of molecules as large as 900 D (19).
Notably, IL-1B secretion induced by ATP or R837 was com-
pletely abrogated when the MCs were incubated in medium
containing a high K* concentration (Fig. 3 B). Furthermore,
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Figure 2. Activation of inflammasome with LPS and R837 induces IL-1[ secretion but not degranulation in. MCs. (A] Semiguantitative RT-PCR
analysis of Nirp3, 1116, Asc, Casp 1, and Tir4 in mouse BMCMCs stimulated with 100 ng/m! LPS. 5 uM MG 132 was added 30 min before LPS stimulation.
{B) Expression of specific mRNAs after stimulation for 3 hv with 100 ng/mELPS in BMCMCs was quantified by real-time PCR and normalized to Gopdh expres-

sion (x10%). (C) BMCMCs were pretreated with LPS for 15 h and stimulated

by R837 for 30 min. IL-1 levels in supernatants were measured by ELISA.

(D) tmmunoblot analysis of cultured supernatant {SNJ and cell lysate {CL} from BMCMCs incubated with the indicated stimuli. (E and F} BMCMCs were
stimulated with 100 ng/ml LPS for 15 h, and the amounts of TNF-a and IL-6 in culture supernatants were measured by ELISA. (G} Degranulation of BMCMCs
was assessed by the release of B-hexosaminidase: Error bars represent means + SD of triplicates. All results are representative of at least three separate
experiments. *, P < 0.005; and **, P < 0.007 compared with untreated BMCMCs. NS, not stimulated.
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ATP induced large pore formation in MCs as determined by
YoPro-1 staining (Fig. 3 C, left), which was not observed in
P2x7r-deficient MCs (Fig. 3 C, right). Unlike ATP, R837 did
not induce large pore formaton (Fig. 3 C, left) even though
R837 is structurally related to ATP. However, secretion of
IL-1B induced by ATP required expression of P2x7r in LPS-
stimudated MCs as well as that elicited by R837 was also depen-
dent, at least in part, on P2x7r (Fig. 3 D). These results suggest
that the P2x7r and K* efflux are important for both ATP- and
R837-induced secretion of IL-15 in MCs.

140

IL-18 secretion from MCs depends

on the Nirp3 inflammasome

To determine if the inflammasome is required for IL-1f se-
cretion in MCs, we prepared MCs from WT and mutant
mice deficient in Nlrp3, Nlre4, or Asc. Stimulation of WT
and mutant MCs lacking Nirc4, a NOD-like receptor family
member involved in inflammasome activation in response to
flagellin (22, 23), induced processing of procaspase-1 into the
mature p20 fragment (Fig. 4 A, top). In contrast, production
of the processed p20 caspase-1 subunit was impaired in MCs
deficient in Nlrp3 or Asc (Fig. 4 A, middle and bottom).
Consistently, 1L-18 secretion was not detected in MCs from
Nirp3- or Asc-deficient mice in response to LPS plus ATP or
R837 (Fig. 4 B, top), whereas that produced by MCs lacking
Nlrc4 was unimpaired when compared with WT MCs (Fig. S3,
top). The lack of IL-1B secretion in MCs deficient in Nirp3
or Asc was specific in that production of TNF-a and IL-6
was maintained in WT and mutant MCs (Fig. 4 B, middle
and bottom; and Fig. S3, nuddle and bottom), although the
amounts of both cytokines was reduced in MCs lacking Nlrp3
(Fig. 4 B, middle and bottom).

We next assessed the expression of inflammasome com-
ponents in other populations of MCs. In mice, MCs are often
divided into connective tissue— and mucosal-type MCs.
Mouse fetus skin—derived MCs (FSMCs) are often used as a
model of connective tissue~type MCs (24) that are distributed
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Figure 3. [L-1P secretion induced by R837 and ATP is mediated

via P2x7r and K* efflux in MCs. (A, Jeft} IL-18 secretion from BMC-
MCs. BMCMCs were cultured with or without LPS for 15 h and then
stimutated with 5 mM ATP or 100 uM R837: {right) Histamine release
from BMCMCs was analyzed by ELISA {same samples as in the left
panel). (B} BMCMCs were cultured with or without LPS for 15 h. Medium
containing 100 mM KCl or 100 mM NaCl was added for the fast 30 min
of culture at the same time as ATP or R837. IL-1B was measured in cell-
free supernatants. {C) 2 mM YoPro-1 was added 10 min before BMCMCs
were left untreated (NS} or stimulated with 5 mM ATP or 100 uM R837
for 30 min, and fluorescence intensity was analyzed by FACS. (D) BMC-
MCs were incubated with the indicated stimuli, and [L-1B was measured
in cell-free supernatants. Error bars represent means + SD of triplicates.
All results are representative of at least three separate experiments. *,

P < 0.005; ™, P < 0.001; and ***, P < 0.0001 compared with untreated
BMCMCs or between WT and mutant MCs. NS, not stimulated.
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Figure 4. Activation of caspase-1 and IL-1p secretion requires
the Nirp3 inflammasome in MCs. (A} Immunoblot analysis of total cell
extracts and supernatant from BMCMCs. Processing of procaspase-1
induced by R837 in LPS-primed BMCMCs from WT, Nlrc4-deficient
(Nirc4=/-}, Nirp3-deficient (Nlrp3-/7), and Asc-deficient {Asc™/~) mice.
Cells were pretreated with 100 ng/m! LPS and then stimulated with

100 uM R837. Casp1, procaspase-1; Casp1 p20, cleaved product of
caspase-1. (B} Secretion of IL-1B, TNF-, and IL-6 by LPS-stimulated
BMCMCs from the indicated mice in response to R837 or ATP. Error bars
represent means + SD of triplicates. Alf results are representative of at
least three separate experiments. *, P < 0.005; **, P < 0.001; and ***,

P < 0.0001 compared between WT and mutant MCs: NS, not stimulated.
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in the dermis. We found that the expression of Nip3, As, exhibited constitutive Asc-dependent NF-xB activation in
and I1b was low in unstimulated FSMCs but enhanced after HEK293 cells (Fig. 5 A). To further assess the function of
LPS treatment, as it was shown in BMCMCs (Fig. S4 A). disease-associated mutants, we introduced WT and mutant
Similarly, the pattern of IL-1P secretion and MC degranula- Nlrp3 into BMCMCs using a retroviral expression system
tion was comparable in BMCMCs and FSMCs (Fig. S4,  that simultancously coexpresses GFP. After normalization for
B and C). Likewise, human MCs derived from cord blood  the number of GFP-expressing cells, we found that the secre-
progenitors cultured with stem cell factor expressed ASC, tion of IL-1{ was significantly higher in MCs producing dis-

NLRP3, and IL 1B after LPS stimulation (Fig. S5 A). Similar  ease-associated Nlrp3 mutants than in cells expressing WT
to that reported in human monocytes (25), incubation of  protein after stimulation with LPS (Fig. 5 B). Notably, the

human MCs with LPS alone was sufficient to induce the pro- increased production of IL-1f induced by Nlrp3 mutants
cessing of pro—IL-1[ into the mature form of IL-1B (p17),  R258W and Y570C was abolished when their pyrin domain
which was enhanced by R837 or ATP (Fig. S5, B and C). was deleted (APYD_R258W and APYD_Y570C; Fig. 5 B),
which is consistent with a critical role for the pyrin domain
Constitutive activation of the inflammasome in the interaction with caspase-1 through the adaptor Asc.
by disease-associated Nirp3 mutants in MCs To further study the function of disease-associated Nlrp3

CAPS-associated NLRP3 mutations exhibit constitutive mutant in MCs, we stably expressed WT and the common
ASC-dependent NF-«B activation when expressed in tumor  R258W mutant in the MC line MC/9 by retroviral infection
cell lines (17, 26). To assess the function of mutant NLRP3, (Fig. S6). MC/9 cells constitutively expressed Nlip3, Asc,
we generated mouse Nlrp3 mutants (R258W, D30IN, and Casp1, and Tlr4 but little or no Il1b in the absence of LPS
Y570C) corresponding to the major CAPS-associated muta- (Fig. 5 C). Expression of Il1b was induced by LPS (Fig. 5 C).
tions (R260W, D303N, and Y570C, respectively) and tested Importantly, unlike MC/9 cells expressing the CAPS-associ-
their ability to induce NF-kB activation by luciferase reporter ated R258W mutant, cells transduced with control GFP vec-
assay. In agreement with human studies, all three Nlrp3 tor or producing WT-Nlrp3 required stimulation with both
mouse mutants as well as the Nlrp3 mutant lacking the LRR LPS and ATP or R837, two stimuli that activate the Nlrp3
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Figure 5. Expression of disease~associated Nirp3 mutants induce constitutive activation of the inflammasome in MCs. (A} Constructs express-
ing WT, mutants (R258W, D301N, and Y570C), or Nlrp3 lacking LRR {ALRR) were transfected in the presence and absence of Asc plasmid into HEK293 cells.
NF-k8B activation was assessed by a dual luciferase reporter assay. Values represent the fold increase over that observed by transfection with control or
Asc plasmid alone, which was considered as 1. (B} BMCMCs expressing GFP, WT, mutants, and mutants lacking the pyrin (APYD_R258W and APYD_Y570C)
by retroviral infection were stimulated with LPS or feft untreated. IL- 18 was measured by ELISA and normalized to the number of GFP* cells, as previously
described (reference 47). **, P < 0.001; and ™, P < 0.0007 versus LPS-stimulated BMCMCs transfected with WT plasmid. {C} RT-PCR for gene expression in
MC/9 cells stimulated with LPS, {D) MC/9 cells stably expressing GFP, WT, mutant Nirp3, or ALRR were stimulated with LPS for 15 h, and then stimulated
with ATP or R837.IL-1f secretions were'measured by ELISA. ***, P'< 0.0001 versus LPS-stimulated MC/9 cells expressing WT plasmid. Error bars in B and D
represent means + SD of triplicates. (E} Immunoblot analysis of culture supernatant (SN} and celf-lysate {CL} from MC/9 cells stably expressing WT or
R258W, and incubated with the indicated stimuli. All results are representative of at least three separate experiments.
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inflammasome, for IL-1PB secretion (Fig. 5 D). Although
stimulation with LPS alone induced the production of pro—
IL-1B in MC/9 cells expressing either WT or mutant Nlrp3,
the processed p17 form of mature IL-1B could be detected
only in the culture supernatant of MC/9 cells expressing the
R258W mutant (Fig. 5 E). In contrast and consistent with
results presented in Figs. 2-4, the secretion of mature 1L-18
in MC/9 cells expressing WT-Nlrp3 required stimulation
with both LPS and R837, which was enhanced in cells pro-
ducing the CAPS-associated Nlrp3 mutant (Fig. 5 E).

To assess the effect of disease-associated Nlrp3 1n vivo,
we injected MC/9 cells expressing either WT or mutant
Nirp3 i.p. into mice and assessed the recruitment of neutro-
phils in the i.p. cavity. FACS analysis revealed that MC/9
cells expressing mutant R258 W but not WT-Nlrp3 constitu-
tively produced intracellular IL-1B after injection into the
peritoneal cavity (Fig. 6 A). At 36 h after injection, the num-
ber of Gr-1* neutrophils was significantly increased in the
peritoneal cavity of mice injected with MC/9 cells expressing
mutant R258W-Nlrp3 compared with that found in mice
injected with cells expressing WT-NIrp3 (Fig. 6 B). In con-
trast, administration of ionomycin, but not MCs expressing
WT or mutant Nlrp3, increased the levels of histamine in the
peritoneal cavity (Fig. 6 C). Collectively, these results indi-
cate that disease-associated Nlrp3 mutants induce constitutive
production of IL-18 but not histamine release, and promote
neutrophil recruitment when expressed in MCs.
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Figure 6. MCs expressing disease-associated Nirp3 mutant pro-

mote neutrophil recruitment but not histamine release in the
mouse peritoneal cavity. MC/9 cells stably expressingWT or R258W-
Nirp3 were injected into the mouse peritoneal cavity. Results were 0b-
tained 36 h after injection. (A} Shaded histograms represent intracellular
IL-1B expression in MC/9'cells. The open histogram corresponds to label-
ing with' isotype-matched control Ab. (B) Gr-1+ cells in the peritoneal
fluid: {C) The amounts of histamine in the peritoneal cavity 36 h after
the injection of MC/9 cells. As a positive control, 1.5 ug ionomycin was
injected 15 min before sample collection. Error bars represent means + SD
of triplicates. All results are representative of at least three separate
experiments. ¥, P < 0.001 (n = 5 mice per group).
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Induction of neutrophil-rich inflammation and vascular
leakage by MCs expressing disease-associated Nirp3 mutant
Urticarial rash in CAPS skin is characterized histologically by
the presence of neutrophils and edema in the dermis (27). To
study the role of IL-1B produced by MCs in vivo, we injected
MC/9 cells expressing WT or mutant Nlrp3 (R258W) into
the mouse skin. Histopathological analysis revealed the pres-
ence of neutrophils and edema in the dermis of the mouse ear
at the site of injection, with MC/9 cells expressing R258W-
Nirp3 in a pattern that was similar to that observed in the in-
volved skin of human CAPS (Fig. 7 A). In contrast, injection
with MC/9 cells expressing WT-Nlrp3 induced minimal or no
neutrophilic infiltrate or edema in the dermis of the mouse ear
(Fig. 7 A). Furthermore, there was enhanced expression of
IL-1P in the skin of the ear injected with MC/9 cells expressing
R258W when compared with that observed with injection of
MC/9 cells producing WT-Nlrp3 (Fig. 7 B). To deternune
whether the R258W-Nlrp3 mutation promotes vascular leak-
age, a hallmark of urticaria, we injected mice with MC/9 cells
expressing WT and mutant Nlrp3 (R258W) in the ear skin and
measured vascular leakage by Evans blue dye. Vascular leakage
was significantly higher in the skin of mice injected with MC/9
cells expressing R258W-Nlrp3 than with cells expressing GFP
alone or WT-Nlrp3 (Fig. 8, A and B). These results indicate
that MCs expressing disease-associated Nlrp3 promote neutro-
phil recruitment and vascular leakage in the skin, two histolog-
ical hallmarks of urticarial rash associated with CAPS.

DISCUSSION

MC:s are widely distributed throughout vascularized tissues,
where they are located near epithelial surfaces that are ex-
posed to environmental cues, including the skin, airways, and
gastrointestinal tract (28). MCs are known to promote in-
flammation and tissue remodeling in IgE-associated allergic
disorders as well as to produce multiple cytokines, including
IL-1B, in response to microbial stimuli, although the mecha-
nisms involved remained unknown (29, 30). In this paper,
we provide evidence that MCs express components of the
inflammasome, and these factors are critical for the activation
of caspase-1 and IL-1f secretion.

Our analysis revealed that Nlrp3 mutations associated
with CAPS induce constitutive activation of the inflamma-
some in MCs, leading to dysregulated IL-1f production in
the skin, These studies are consistent with a previous report
that showed enhanced production of IL-1p in the skin of
CAPS patients (31}, although the cellular source of IL-18
was not investigated by the authors. We showed that transfer
of MCs expressing the: CAPS-associated Nlrp3: mutant in-
duces perivascular neutrophil-rich inflammation in the mouse
skin, which is the histological hallmark of the urticarial rash
observed in CAPS patients. Collectively, these studies impli-
cate MCs in inflaimmasome activation and the pathogenesis
of IL-1B-mediated disease in the skin. Because MCs reside in
multiples tissues and also participate in experimental models
of arthritis: (32) and’ encephalomyelitis (33-35), it is possible
that these cells play a role in disease pathogenesis not only in
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the skin but also in the joints and central nervous system,
which are also major disease targets in CAPS patients (36).
Further studies are needed to better understand the contribu-
tion of MCs to [L-1B-mediated disease in autoinflammatory
syndromes associated with NLRP3 mutations.

The mechanism by which NLRP3 mutations cause in-
Aammatory diseases is still poorly understood. Studies in vitro
suggested that these mutations exert a gain-of-function ef-
fect, probably through the loss of a regulatory step associated
with NLRP3 activation (6, 8). Consistently, mouse Nirp3
mutants, corresponding to those observed in human CAPS,
induced constitutive Asc-dependent NF-kB activation and
IL-1B secretion. Notably, the increased production of IL-13
induced by CAPS-associated Nlrp3 mutants was abolished

when their pyrin domain was deleted, which is in accordance
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Figure 7. MCs expressing disease-associated Nirp3 mutant induce
neutrophil-rich inflammation in the mouse skin. 105 MC/9 cells ex-
pressing WT or mutant Nirp3 (R258W) were injected into the skin of mice.
(A, top) Representative images of the involved skin from a CAPS patient
harboring an E567K NLRP3 mutation. {bottom] Cross sections of mouse
ears 36 h after injection with MC/9 cells. Tissue sections were stained with
hematoxylin and eosin. Insets show a higher magnification demonstrating
the presence of numerous neutrophils. Bars, 100 pm. (B) IL-1B expression
in GFP* and Nirp3~ MC/9 cells. (bottom) Immunofiuorescence images of
mouse skin injected with MC/9 cells expressing WT or R258W-Nlrp3. Im-
ages were derived from tissues boxed in the top panels. Alf results are
representative of at least three separate experiments. Bars, 50 um.

JEM VOL. 206, May 11, 2009

ARTICLE

with a critical role for that module in the interaction with
caspase-1 and assembly of the inflammasome (6, 8).

As is the case with macrophages, production of mature
IL-1B via the Nlrp3/Asc mflammasome in mouse MCs re-
quired two signals, LPS and ATP or R837. Although a main
function of LPS is to induce pro-I1L-1B production, LPS also
promoted expression of Nlip3 in MCs, suggesting that LPS
regulates inflammasome activation via several mechanisms in
MCs. In macrophages, ATP-driven stimulation through the
P2x7r is essential for caspase-1 proteolytic cleavage and IL-153
secretion via Nlrp3 (10, 19). The P2x7r forms a nonselective
ion channel upon activation with ATP (19) and upon stmu-
lation mediates K~ efflux, which may be important for Nlrp3
activation (21). This ion channel mediated by P2x7r rapidly
transitions to a pore-like structure by recruiting the pannexin-1
pore, which allows passage of molecules as large as 900 D
(19). Therefore, it is possible, as it has been proposed for mac-
rophages (37), that ATP promotes passage of microbial li-
gands such as LPS via pannexin-1 to trigger inflammasome
activation in MCs. Consistently, ATP did not induce caspase-1
activation alone and triggered large pore formation in MCs,
and this activity was blocked in P2x7r-deficient MCs. Unlike
ATP, however, R837 did not induce large pore formation
but elicited IL-1f secretion, at least in part, through P2x7r.
The role of P2x7r in mediating IL-1B secretion in response
to R837 stimulation 1s consistent with the observation that
high K* extracellular medium blocked IL-1B secretion in
MCs. Collectively, these results suggest that ATP and R837
may promote inflammasome activation via ditferent mecha-
nisms in MCs, although both stumuli require P2x7r and K*
efflux for effective IL-18 secretion in MCs.

We observed a reduction in the amounts of TNF-a and
IL-6 produced by MCs lacking Nlp3 compared with those
from WT or Asc-deficient cells. The reason for this different
regulation of cytokine secretion by Nlrp3 and Asc is unclear.
One possibility is that Nlrp3 contributes to MC maturation in
an Asc-independent manner. Nlp3 was first reported as an
MC maturation—inducible gene (38) whose expression was

A —

0 PBS GFP WT R258W

Figure 8..  MCs expressing disease-associated Nirp3 mutant in-
duce vascular leakage in the mouse skin. Vascular leakage was anal-
yzed by intravenous injection of 1% Evans blue solution 36 h after
injection of mice with MC/9 cells expressing WT and mutant Nirp3.

(A, left) Mouse ears 30 min after dye injection. (B} Ears were collected,
and vascular leakage was determined by absorbance at 620 nm in dye
tissue extracts. Error bars represent means + SD of results that are rep-
resentative of at least three separate experiments. *, P < 0.005 between
WT and-R258W (n = 4 or 5 mice per group).
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increased after the maturation into MCs with a connective
tissue phenotype. Our BMCMC:s were cultured with IL-3
and stem cell factor, which partally induce connective ts-
sue—type maturation compared with the cells cultured with
IL-3 alone. This possibility may explain, at least in part, why
CAPS patients suffered from skin eruption but not asthma
reaction or rhinitis, even though MCs in these tissues are
likely to express the constitutively activated disease-associated
NLRP3 mutation. However, no morphological and func-
tional differences were observed between WT and Nlrp3-de-
ficient MCs. Alternatively, Nirp3 may directdy or indirectly
regulate cytokine production independently of the inflam-
masome in MCs.

CAPS-associated NLRP3 mutants constitutively produced
IL-1B in MCs of the skin of patients and when injected into
mouse tissues. However, it remains unclear why MCs with
constitutive activation of the NLRP3 inflammasome produce
mature [L-1PB in the absence of LPS in patients given that mi-
crobial stimulation appears to be required for pro-IL-1[ pro-
duction. One possibility is that CAPS-associated NLRP3
mutants induce pro—-IL-1f via constitutive activation of NF-
kB induction, which is consistent with results found in the
current work and also reported by others (26). Another possi-
bility is that production of pro—IL-1B is induced by endoge-
nous or environmental cues operating in the skin independently
of NLR P3. Consistent with this model, the characteristic skin
rash observed in CAPS and systemic inflammatory syndromes
often develops within the first few weeks of life when the skin
is first exposed to environmental factors. These may include
exposure to small amounts of LPS and/or other microbial
stimuli after birth. The observation that skin abnormalities in
incontinentia pigmenti (MIM 308300), an X-linked domi-
nant inherited disorder caused by the mutation of NEMO, a
gene that encodes the regulatory component of the [«B kinase
complex responsible for the activation of the NF-kB signaling
pathway, commence at birth (39, 40) is also consistent with
this possibility.

Urticarial rash associated with CAPS is usually nonpruritic
and unresponsive to antihistamines. This clinical observation
is in accordance with our observation that NLRP3 inflamma-
some activation induces 1L-1f secretion but not degranula-
tion in MCs. Nonetheless, MCs expressing CAPS-associated
NLRP3 mutant promoted vascular permeability; a cellular re-
sponse also induced by histamine release; which is critical for
wheal formation in vivo. Because many cases of non-CAPS
urticaria are unresponsive to histamine receptor antagonists, it
is possible that skin rash associated with histamine resistance is
mediated via inflammasome activation in MCs. Thus, under-
standing the pathophysiology of CAPS may provide critical
insight into more common diseases such as antihistamine-
refractory urticaria.

MATERIALS AND METHODS

Chemicals and reagents. Ultrapure LPS (Escherichia coli O55:85), ATP,
and MG-132 (Z-Leu-Leu-Leu-al) were purchased from Sigma-Aldrich.
R837 (tlrl-imq) was purchased from InvivoGen. Abs for human cleaved
IL-1B and IL-1B were purchased from Cell Signaling Technology, and

1044

human HLA-DR, -DP, -DQ (TAL.18B5) was purchased from Dako. Ant-
human tryptase (G3) was provided by L. Schwartz (Virginia Commonwealth
University, Richmond, VA). Anti-mouse [L-1B was purchased from R&D Sys-
tems. Abs for actin and cryopynriu were purchased from Santa Cruz Biotechnol-
ogy. Inc., TI7 was purchased from Imgenex, and I-A® (clone AF6-120.1) was
purchased from BD. Ant-GFP was purchased from MBL Intemational, and
FITC- or Texas red—conjugated avidin was purchased from Invitrogen. Alexa
Fluor 6-47-labeled antd-mouse IL- 1B, Alexa Fluor 647-labeled anti-Ly-6G, and
PE-labeled anu-C45 were purchased from eBioscience.

Animals. Nilp3™ ", Asc =, Nlied™
least eight times to C57BL6/J6 mice have been previowsly described (11, 41, 42).
C57BL6/}6 mice were purchased from Crea Japan and housed in a patho-

“,and P2x7r 7°7 mice backcrossed at

gen-free facility. The animal studies were conducted under approved proto-
cols by the Committee on the Use and Care of Animals of the University of
Michigan and Chiba University.

Cultured MCs. The preparations of BMCMCs and FSMCGCs were previ-
ously described (24). The purity of MCs was confirmed by surface expres-
sion of CDH5 and Kit, FITC-avidin labeling, and negative [-AP expression
(Fig. S2 A). Degranulation of MCs was assessed by B-hexosaminidase assay
as previously described (24). Human MCs from cord blood were cultured as
previously described (43).

Plasmid construction and retrovirus production. Plasmids to express
mouse Nlrp3 have been previously descrnibed (31). Mutant Nlrp3 constructs
corresponding to a human disease-associated mutation in the pEF-BOS vector
were generated as previously described (18, 44). The ability of each construct
to induce NF-kB activation was assessed with mouse Asc plasmid as previously
described (18, 44). The retrovirus vector pMC-IRES-GFP (provided from
T. Kitamura, University of Tokyo, Tokyo, Japan) containing Nhrp3 and its
mutants was produced and introduced into Plat-E packaging cells with
FuGENE®6 (Roche). Immature BMCMCs cultured for 2 wk were incubated
with retroviral supernatants for 15 h with 10 pg/ml polybrene (Sigma-Aldrich)
(45). GFP-Nlip3 fusion proteins were cloned into the pMX-1IP vector and
transfected into Plat-E cells, MC/9 cells were incubated with virus-containing
supernatants and selected with 1.5 mg/ml puromycin.

Immunohistochemistry. Human and mouse skin biopsy samples were fixed
with 4% paraformaldehyde;” émbedded. in paraffin, and: sectioned. Sections
were stained with'hematoxylin and eosin staining. Immunohistochemical
staining was performed with primary Abs at the recommiended concentrations
followed by incubation with fluorescent dye—~conjugated secondary Abs. Writ-
ten informed consents were obtained from' patients; according to the protocol
of the institutional review: board of Kyoto University Hospital and in accor-
dance with the: Deéclaration of Helsinki:

RT-PCR. Total RNA extracted from MCs {2 X 10% with TRIzoL reagent
(Invitrogen) was reverse transcribed and analyzed: The primers were as follows:
Nip3, 5 -CACTTGGATCTAGCCACATC-3"and 5"-~AGCTCCAGCT-
TAAGGGAACTC:3: Ase, 5~ ACTTGTCAGGGGATGAACTC-3" and
5'-TGGTACTGTCCTTCAGTCAG-3'; Casp 1,5 -TACCTGGCAGGA-
ATTCTGGA-3 and 5'-ATGATCACCTTGGGCTTGTC-3"; 11,
5'-GCTTCCAAACCTTTGACCTG-3 and 5'-CTGTTGTTTCCCA-
GGAAGAC-3"; Tird, 5'-CTGGCATCATCTTCATTGTCC-3' and
5'-GCTTAGCAGCCATGTGTGTTCC-3'; Th7, 5'-CCACCAGACC-
TCTTGATTCC-3" and 5 -TCCAGATGGTTCAGCCTACG-3"; Gapdh.
5'-CGGGAAGCTTGTCATCAATGG-3' and 5'-GGCAGTGTGATG-
GCATGGATCTG-3'; NLRP3, 5'-AACAGCCACCTCACTTCCAG-3'
and 5'-GACGTAAGGCCAGAATTCAC-3'; ASC, 5-TGGTCAGCTTC-
TACCTGGAG-3 and 5'-TCCAGGCTGGTGTGAAACTG-3"; CASP1,
5-GTACTTTCTTCCTTTCCAGCTC-3' and 5'-TTCACATCTAC-
GCTGTACCC-3'; and ILIB, 5'-TTCACATCTACGCTGTACCC-3’
and 5'-GTACTTTCTTCCTTTCCACCTC-3'. For real-time analysis, the
mixture with Power SYBR Green PCR Master Mix (Applied Biosystems)
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was amplified and analyzed with 7300 Real-Time PCR systems (Applied
Biosystems).

Immunoblotting. Cell extracts were prepared in M-PER reagent (Thermo
Fisher Scientific) in the presence of protease inhibitor cocktail (Thermo Fisher
Scientific). Samples were denatured in 2% Laemmli sample buffer (Bio-Rad
Laboratories) with 1 ul 2-ME. Lysates were separated by SIDS-PAGE and mans-
ferred onto membranes (GE Healthcare). Membranes were incubated with an
Ab against caspase-1, 1L-18, GFP, TIt7, and actin, followed by honseradish per-
oxidase—conjugated Abs. Immumnoreactive proteins were visualized with ECL
detection reagents (GE Healtheare).

Cytokine ELISAs. Supematants collected from 10" MCs/ml were measured
for IL-1B (eBioscience), histamine (Invitrogen), TNF-a, and IL-6 (R&1) Sys-
tems) by ELISA.

Neutrophil migration assay and histamine release. MC/9 cells stably ex-
pressing WT or mutant Nlrp3 (R258W) were suspended in PBS (107 cells/ml)
and administrated 1p. (0.5 ml/mouse). 36 h after the injection, mice were sacri-
ficed and the pentoneal cavity was lavaged with 2 ml PBS. After gentle massage,
1 ml of the peritoneal fluid was collected and centrifuged at 500 ¢ for 5 min. Cells
were stained for FACS analysis and the supematant was used for histamine assay.

Evans blue dye injection assay. We modified the passive cutaneous anaphy-
laxis assay in mice as previously described (46). Right ears were injected intrader-
mally with 10° cells in 0.1 ml saline and left ears were injected with saline as a
control; 36 h later, mice were challenged with (1.5 ml saline containing 5 mg/ml
Evans blue dye. Extravasation of Evans blue dye was monitored for 15 min, and
ear biopsies were incubated at 63°C overnight in 700 pl formamide. Quantitative
analysis of extracts was determined by measuring the absorbance at 620 nm.

Statistical analyses. All data are expressed as means = SD. We accumulated
the data for each condition from at least three independent experiments. We
evaluated statistical significance with the Student’s 1 test for comparisons be-
tween two mean values.

Online supplemental material. Fig. S1 shows the immunochemical stain-
ing of a CAPS patient’s skin-where trypuase-positive MCs, but not HLA-DR,
-DP, -DQ-positive DCs or macrophages, were labeled with avidin and pro-
duced mature IL-1B. Fig. S2 shows the purity of BMCMC:s and negative pro-
tein expression of Th7 on BMCMC:s. Fig. S3 shows IL-1B, TNF-q, and 1L-6
secretion from MCs in WT and Nlrc4-deficient mice. Fig. S4 shows a PCR
analysis of the inflammasome components in nouse FSMCs that produced
IL-1B, but did not show degranulation, in response to Nirp3 activator. Fig. S5
shows a PCR analysis of the inflammasome components in human MCs that
produced IL-1B in response to Nhrp3 activator. Fig. S6 shows the schematic
structures of plasmids in pMX-1IP retrovirus vector and the purity of MC/9
stably Nirp3-GFP—expressing cells that did not show degranulation in response
to Nlrp3 activator. Online supplemental material is available at htp://www
Jem.org/cgi/content/ full/jem. 20082179/DC1.
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T Cell Leukemia/Lymphoma 1 and Galectin-1 Regulate
Survival/Cell Death Pathways in Human Naive and IgM™
Memory B Cells through Altering Balances in Bcl-2 Family
Proteins’

Siamak Jabbarzadeh Tabrizi,* Hiroaki Niiro,”" Mariko Masui,* Goichi Yoshimoto,"
Tadafumi lino,® Yoshikane Kikushige,” Takahiro Wakasaki," Eishi Baba,” Shinji Shimoda,"
Toshihiro Miyamoto,” Toshiro Hara,* and Koichi Akashi’

BCR signaling plays a critical role in purging the self-reactive repertoire, or in rendering it anergic to establish self-tolerance in
the periphery. Differences in self-reactivity between human naive and IgM™ memory B cells may reflect distinct mechanisms by
which BCR signaling dictates their survival and death. Here we demonstrate that BCR stimulation protected naive B cells from
apoptosis with induction of prosurvival Bel-2 family proteins, Bel-x, and Mecl-1, whereas it rather accelerated apoptosis of IgM™
memory B cells by inducing proapoptotic BH3-only protein Bim. We found that BCR-mediated PI3K activation induced the
expression of Mcl-1, whereas it inhibited Bim expression in B cells. Phosphorylation of Akt, a downstream molecule of PI3K, was
more sustained in naive than IgM™ memory B cells. Abundant expression of T cell leukemia/lymphoma 1 (Tcll), an Akt coac-
tivator, was found in naive B cells, and enforced expression of Tcll induced a high level of Mcl-1 expression, resulting in prolonged
B cell survival. In contrast, Galectin-1 (Gal-1) was abundantly expressed in IgM™ memory B cells, and inhibited Akt phosphor-
ylation, leading to Bim up-regulation. Enforced expression of Gal-1 induced accelerated apoptosis in B cells. These results suggest
that a unique set of molecules, Tcll and Gal-1, defines distinct BCR signaling cascades, dictating survival and death of human

naive and IgM™ memory B cells. The Journal of Immunology, 2009, 182: 1490-1499.

rimary human peripheral B cells are made up of hetero-

geneous subpopulations that include a high proportion of

memory B cells compared with those in rodents. Due to
the advantage conferred by the usefulness of CD27 as a memory
marker in humans, peripheral B cells are divided into at least three
distinct subsets: naive (IgM*CD277), IgM* memory (JgM*
CD277"), and switched memory (IgG"A*CD27") B cells (1). Of
particular interest are IgM™ memory B cells in that they do not
exist in mice and could develop through the novel germinal center-
independent pathways and express somatically mutated IgM Abs
(2). To date, IeM* memory B cells have been proposed to be
circulating splenic marginal zone (MZ)* B cells and to play a crit-
ical role in the protection against encapsulated organisms (2, 3).
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Although in vivo function of IgM™* memory B cells is becoming
evident (4), the molecular mechanisms of activation of this subset
remain poorly characterized.

Due to random rearrangements of the subunits of a functional BCR
from genomic cassettes, a large proportion of developing human B
cells in the bone marrow express self-reactive BCRs, but most of
these potentially noxious BCRs are purged from the repertoire at sev-
eral checkpoints in the bone marrow and the periphery (5). Never-
theless, up to 20% of mature naive B cells in normal peripheral blood
still express low-affinity self-reactive BCRs (5). In sharp confrast,
IgM™ memory B cells isolated from normal donors are devoid of such
self-reactive BCRs (6). These findings suggest a distinct homeostatic
control of human naive and IgM™ memory B cells.

BCR transmits the signals that are critical for both the elimina-
tion of self-reactive repertoire and the expansion of pathogen-spe-
cific repertoire. Upon BCR ligation by Ags, Lyn and Syk protein
tyrosine kinases are initially activated. Syk propagates the signal
by phosphorylating downstream signaling molecules. This results
in activation of key signaling intermediates PI3K and phospho-
lipase C (PLC)y2. PI3K activates Akt kinase, which is critical for
B cell survival (7). PLCy2 activation leads to the release of intra-
cellular Ca?" and protein kinase C activation, which in turn cause
activation of MAPK family kinases (ERK, JNK, and p38 MAPK)
and transcription factors including NF-«B and NF-AT. These out-
puts subsequently connect with further-downstream molecules re-
sponsible for determining B cell fates such as survival, growth, and
differentiation.

GFP; CLL, chronic lymphocytic leukemia; BAFF, B-cell-activating factor of the
TNF family.
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The Bcl-2-regulated pathway plays a critical role in BCR-in-
duced survival and death (8, 9). The Bcl-2 family proteins fall into
three subgroups: the first subgroup including Bcl-2, Bel-x,, and
Mcl-1 inhibits some apoptotic pathways; the second subgroup in-
cluding Bax and Bak directly induces apoptosis by promoting cy-
tochrome ¢ release from the mitochondria; the third subgroup,
called BH3-only proteins, consists of at least eight mammalian
proapoptotic proteins and is activated in a stimulus-specific, as
well as a cell type-specific, manner. Among Bcl-2 family proteins,
a BH3-only protein Bim is particularly important in controlling
lymphocyte apoptosis. Bim deficiency causes a substantial expan-
sion of autoreactive B cells leading to autoimmune diseases (10).
B cells lacking Bim are refractory to BCR-induced apoptosis (10).
Bim preferentially binds anti-apoptotic Mcl-1 (11, 12). Condi-
tional knockout of Mcl-1 causes premature death of immature and
mature B cells (12), suggesting a pivotal role of Mcl-1 in B cell
survival. Based on these findings, tipping the balance between
Mcl-1 and Bim expression may be a critical determinant for B cell
survival and death. To date, little is known about how BCR sig-
naling dictates the survival and death of human B cell subsets via
the Bel-2-regulated pathway.

In this study, we demonstrate that BCR stimulation rescued na-
ive B cells from apoptosis with Bel-x; and Mcl-1 induction,
whereas it rather accelerated apoptosis of IgM™ memory B cells
with Bim induction. Sustained Akt activation in naive but not
IgM ™ memory B cells appears to be critical for reciprocal expres-
sion pattern of these Bcl-2 family proteins. Moreover, we demon-
strate that T cell lenkemia/lymphoma 1 (Tcll) and galectin-1 (Gal-
1), abundantly expressed in naive and IgM™ memory B cells,
respectively, play.a crucial role in regulating Akt activation,
thereby affecting their survival and death via the Bcl-2-regulated
pathway.

Materials and Methods

Reagents

PE-Cy5-conjugated mouse anti-human (h) CD3, -hCD4, -hCD8, -hCD11b,
-hCD14, -hCD56, and -human glycophorin A mAbs; FITC-conjugated
mouse anti-hCD19, -hCD69, -hCD86, -hCD95 mAbs; and PE-conjugated
mouse anti-hCD27 mAb were purchased from:BD Immunocytometry.
FITC-conjugated goat anti-hIgM, -hIgD, -hIgG, -hIgA, rabbit anti-hGal-1
sera and recombinant hGal-1 were obtained from:MBL. Goat anti-hIgM
and IgG/IgA/IgM F(ab'), fragments were purchased from Jackson Immuno-
Research Laboratories. Rabbit anti-human phospho-ZAP70/Syk, anti-
human phospho-PLCy2 (Y1217), anti-human phospho-JNK, anti-human
phospho-ERK, anti-human phospho-Akt,anti-human’ Bim, anti-human
Tell sera, and rabbit anti-human phospho-p85/p70 S6K, anti-human phos-
pho-NF-«B p65, and anti-human Bel-x; mAbs were from Cell Signaling
Technology. Mouse anti-B-actin mAb and rabbit anti-human Mcl-1 sera
were from Sigma-Aldrich. A PI3K inhibitor (Ly294002) was purchased
from Calbiochem (EMD Bioscieénces).

Isolation and culture of B cell subsets

Human PBMCs were separated from buffy coats: kindly provided by
Fukuoka Red Cross Blood Center (Chikushing, Japan). The buffy coats
originate from kind whole blood donations of RBC transfusion by healthy
volunteers (age range, 1855 years). Informed consent was obtained from
all subjects. B cells were isolated: with- Dynabeads M450 CD19 and
DETACHaBEAD CD19 (Dynal Biotech) according to the manufacturer’s in-
structions. Isolated B cells exhibited >99.5% viability confirmed by trypan
blue exclusion and >95% purity by flow cytometry. Cells were further
purified by cell sorting using a FACSAria (BD Biosciences). A represen-
tative sample of human B cell subsets is shown in Fig. 1A. Cells were
stained with PE-Cy5-conjugated anti-hCD3,- -hCD4, -hCD8, -hCD11b,
-hCD14; -hCD56; -human glycophorinA; FITC-conjugated anti-human
IgG; FITC-conjugated anti-human IgA; and PE-conjugated anti-hCD27 to
obtain: naive (IgGTA~CD277); IgM ™ memory (IgG~A~CD277), and
switched memory (IgG*/IgA*CD27") B cells. Isolated B cell subsets ex-
hibited' >95% viability confirmed: by trypan’blue exclusion: and >99%
putity by flow cytometry (Fig: 1B): Cells were cultured at 1 X 10° cells/ml
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in a flat-bottom 96-well microtiter plate in complete RPMI 1640 supple-
mented with 10% FCS. Preliminary experiments showed that trace levels
of phosphorylation of BCR signaling molecules are observed in B cell
subsets immediately after purification probably due to mechanical stress.
The cells were thus rested for a couple of hours and used for further
analysis throughout the study. Consistent with a previous study (2),
IgM™ memory B cells exhibited a slightly higher level of IgM and a
slightly lower level of IgD than did naive B cells (Fig. 1C). Absence of
surface expression of CD95, CD86, and CD69, representative activation
markers, in both subsets before stimulation, suggests that these cells are
rested (Fig. 1C).

Expression constructs and transient transfection of human B
subsets

Constructs encoding human Tcll- or Gal-1-enhanced GFP (EGFP) fusion
proteins (pEGFP-Tcll or -Gal-1) were generated by inserting sequence
encoding the full-length protein into the pEGFP-N3 vector (Clontech).
Transient transfections of B cell subsets with pEGFP-Tcl! or pEGFP-Gal-1
were conducted using the Nucleofector protocol from AMAXA Biosys-
tems. Cells (1 X 10°) were suspended in 100 pl of Nucleofector solution
with 5 pg of plasmid DNA and then electroporated using program U-15.
Cells were transferred to 2.5 ml of medium containing 15% FCS and har-
vested 24 h after transfection. The transfection efficiency ranges between
20 and 30% for each experiment.

Annexin V staining

After culture, cells (1-2 X 10°) were washed twice with PBS and then
suspended in 85 wl of binding buffer (MBL) containing Ca?*. Cell sus-
pension supplemented with 10 ul of annexin V-FITC or -PE (MBL) and 5
ug of propidium iodide or 1 ug of 7-aminoactinomycin D was incubated
at room temperature for 15 min in the dark. Subsequently, 600 ul of bind-
ing buffer were added, and the percentage of early apoptotic cells was
measured using flow cytometry.

Mitochondria membrane potential

Assessment of mitochondria membrane potential was performed using Mi-
totracker Red CMXRos (Invitrogen). Cells were incubated in 50 nM Mi-
totracker Red at 37°C for 1 h in the dark. Flow cytometric analysis (50,000
events/sample) was performed on FACSCalibur (BD Biosciences). Cell
debris was electronically gated out based on the forward scatter. Data were
further analyzed using FlowJo software.

Measurement of intracellular free calcium

Cells were washed with RPMI 1640 containing 10% FCS and adjusted at
1 X 10° cells/ml. After incubation at 37°C for 15 min, 1 pg/ml fluo-4-
acetoxymethyl esterM (Dojindo) was added, and the cells were incubated
for a further 30—45 min with resuspension every 15 min. The cells were
centrifuged and resuspended in RPMI 1640 at 2 X 10° cells/ml. The cells
were stimulated with anti-IgM (20 pg/ml), and the fluorescence intensity of
intracellular fluo 4 was monitored and analyzed using flow cytometry.

Western blot analysis

Unstimulated or stimulated cells (1 X 10 were lysed as described (13).
Lysates were then denatured in an equal volume of 2X SDS sample buffer,
resolved by a 10% SDS-PAGE gel and electrotransferred to nitrocellulose
membranes in non-SDS-containing transfer buffer (25 mM Tris, 0.2 M
glycine, 20% methanol, pH 8.5). Western blotting was performed with
anti-phospho-Syk (1/2,000), anti-phospho-PLC~2 (1/2,000), anti-phospho-
p85/p70 S6 kinase (1/2,000), anti-phospho-JNK (1/2,000), anti-phospho-
ERK (1/2,000), anti-phospho-Akt (1/2,000), anti-phospho-p65 NF-«B (1/
2,000); anti-Bim (1/2,000), anti-Bel-x; (1/2,000), anti-Mcl-1 (1/5,000), anti-
Tell (1/2,000), anti-Gal-1 (1/2,000), and anti-B-actin (1/5,000) followed by
a1/15,000 dilution of anti-rabbit or anti-mouse HRP-conjugated IgG (Jack-
son ImmunoResearch Laboratories). Blots were developed with ECL plus
kit (Amersham Biosciences). The chemiluminescence intensity was mon-
itored with a laser3000 (FujiFilm) instrument. We quantitated band inten-
sity of the proteins using ImageGauge software (FujiFilm) and normalized
their expression in reference to B-actin levels. Using these normalized data,
relative expression is subsequently calculated as fold changes in protein
expression compared with the controls.

Quarititative real-time PCR

Total RNA: was extracted from sorted human B cell subsets using Isogen
reagent (Nippon Gene) and treated with DNase I (Invitrogen) to remove
contaminating genomic DNA. First-strand cDNA was synthesized using a
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cell sorting. C, Surface marker expression in human B
cell subsets. Purified B cell subsets before (Unstim) and
after stimulation (Stim) with 20 pg/ml F(ab'), goat anti-
hIgM (36 h) were analyzed separately for IgM, IgD,
CD95, CD86, and CD69 surface expression. Bold line,
Naive B cells; gray area, IgM™* memory B cells; thin
line, isotype control line. These results are representa-
tive of peripheral blood samples from more than 10 dif-
ferent donors.

CD86
Unstim

QuantiTect reverse transcription kit (Qiagen). Quantitative real-time PCR
was conducted in the. ABI Prism 7700 Sequence Detector (Applied Bio-
systems). Reactions were performed in triplicate wells in 96-well plates.
TagMan target mixes for Bim, Bel-x;, Mcl-1, Tell; and Gal-1 were pur-
chased from Applied Biosystems. 18S rRNA was separately amplified in
the same plate to be used as an internal control for variances in the amount
of ¢cDNA: in PCR. Collected data were analyzed with: Sequence Detector
software (Applied Biosystems): Data were expressed as a fold change in
gene ‘expression relative to' those from unstimulated naive B cells

Intracellular flow cytomerry

After two washings: with. PBS containing 1% FCS, 5 X 10° cells were
placed in a 96-well microtiter plate. Cells were resuspended with 50 I of
medium plus 50l of fixation buffer (BD Biosciences) and incubated for
10 min at 37°C. After washing again with-PBS containing:1% FCS, cells
were suspended with: 50- ul of saponin permeabilization buffer (BD Bio-
sciences) and.spun down: The cell: pellet was incubated: with primary: Abs
(anti-human Mcl-1 “or- Bim) in'saponin buffer  at room temperature for
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FIGURE 2. BCR signaling profiles of naive and IgM™ memory B cells at early time points. A, B cell subsets were stimulated with 20 pg/ml F(ab’),
goat anti-hIgM for the indicated time intervals. Cell lysates were subsequently separated on an 8% or 10% SDS-PAGE gel, and analyzed by Western
blotting with anti-phospho-Syk, -PLCy2, -INK, -ERK sera, and anti-phospho-p70/85 S6K, -p65 NF-«B mAb and anti-B-actin mAb. Results are repre-
sentative of three independent experiments. RE, Relative expression. B, Ca’* mobilization in naive and IgM™ memory B cells. Intracellular free calcium
levels in fluo-4-acetoxymethyl ester-loaded cells were monitored using flow cytometry, after cells were stimulated with 20 pg/ml F(ab'), goat anti-hIigM.

Results are representative of five independent experiments.

30-45 min. After a washing with PBS containing 1% FCS, cell were
incubated with PE-conjugated donkey anti-rabbit 1gG (Jackson Immuno-
Research Laboratories) at room temperature for 30—45 min. Cells were
washed one more time with PBS containing 1% FCS and analyzed at low
flow rate on a FACSCalibur. B cell population was identified on its forward
and side scatter distribution, and 15,000 cell events were analyzed for mean
fluorescence using FlowJo software.

Results
Early BCR signaling is exaggerated in IgM™ memory but not
naive B cells

BCR signaling is critical for B cell fate decisions such as B cell
survival, growth, and differentiation (14). We first tested
whether the profile of early BCR signaling is different between
naive and IgM™ memory B cells. Phosphorylation of Syk, one
of the earliest events in BCR signaling, was more pronounced
in IgM™ memory B cells (Fig. 24). Two enzymes, PI3K and
PLCy2, function as critical mediators downstream of Syk acti-
vation in B cells (15). Phosphorylation of p85/p70. S6K, a
downstream molecule of PI3K, and PLCy2, was more. pro-
nounced in IgM™ memory B cells (Fig. 24). Activated PLCy2
converts - phosphatidylinositol 4,5-bisphosphate into IP3" and
diacyl glycerol, the former of which is critical for calcium flux
in B cells (14). Consistent with- PLCy2 phosphorylation; BCR-
induced calcium flux was higher in TgM ™ memory B cells (Fig.
2B). Calcium flux- and diacyl glycerol led to activation of
NF-«B and MAPKs such as JNK and ERK. Phosphorylation of
JNK and ERK was more pronounced in [gM™ memory B cells,
whereas p65 NF-«B phosphorylation was comparable in both
subsets (Fig. 2A). Taken together, during the early phase of
BCR activation; downstream signaling is pronounced especially
in IgM” memory B cells as compared with naive B cells.

BCR stimulation rescues naive but not IgM" memory B cells
[from apoptosis

Following anti-IgM stimulation alone, naive and IgM™* memory B
cells did not either divide: or release Igs-in the culture (data not
shown), suggesting that BCR signaling alone is not: sufficient to
induce the growth and differentiation of human B cell subsets: We

then tested whether the BCR signaling affects the survival and
death of naive and IgM ™ memory B cells. In the absence of stim-
uli, a considerable fraction of purified naive and IgM ™ memory B
cells underwent apoptotic cell death within 2 days in vitro (Fig.
3A). Spontaneous cell death was more pronounced in naive B cells
than in IgM ™ memory B cells. BCR stimulation, however, signif-
icantly rescued naive B cells from apoptosis, whereas IgM ™ mem-
ory B cells were not rescued (Fig. 3, A and B). Thus, BCR sig-
naling can protect naive, but not IgM™ memory B cells from
apoptotic cell death.

Mitochondrial perturbations including cytochrome ¢ release and
inner membrane depolarization correlate with BCR-induced apo-
ptosis (16). We thus tested whether BCR-induced depolarization of
the mitochondrial inner membrane could be altered in naive and
IgM™ memory B cells. High levels of mitochondrial membrane
potential were observed in both subsets immediately after sorting,
indicating their highly viable state (Fig. 3C, ¢ and d). A 2-day
culture of these subsets without stimuli caused a remarkable de-
crease in mitochondrial membrane potential (Fig. 3C, b and e).
BCR stimulation for 2 days, however, partially abrogated the loss
of mitochondrial membrane potential in naive, but not IsM™ mem-
ory. B:cells (Fig. 3C, ¢ and f). Thus, BCR signaling rescues the B
cell apoptosis pathway upstream of mitochondrial damage in-na-
ive, but not [gM™* memory B cells.

BCR stimulation induces anti-apoptotic Mcl-1 in naive B cells,
whereas it induces proapoptotic Bim in IgM™ memory B cells
at the protein level

Bcl-2 family proteins are the primary regulators of mitochondrial
membrane integrity and play a vital role in the control of apoptosis
(9). We tested whether BCR signaling affects gene expression of
Bim; Bel=x;;, and Mcl-1 in'naive and IgM™ memory B cells (Fig.
4A). Bel-x;. mRNA expression was induced atter BCR stimulation
in both subsets, and such induction was more pronounced in naive
B. cells.  In' contrast;: the expression: level of Bim: mRNA was
slightly higher in TgM ™ memory B cells irrespective of BCR stim-
ulation. Mcl-I mRNA expression was not significantly changed in
both subsets. We next tested whether BCR signaling affects protein
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positive (late apoptosis). The results shown are representative of three independent experiments. B, Percentage apoptosis of B cell subsets after BCR

stimulation. The data: are shown as the mean

SD-of six independent experiments. *, p: < 0.01: C; BCR-induced mitochondrial inner membrane

depolarization in B cell subsets. Naive and IgM ¥ memory B cells were treated for 2 days with either medium or 20 pg/ml F(ab'), goat anti-human IgM.
Percentages of Mitotracker Red CMXRos'™ cells are shown. Data obtained from cells immiediately after isolation are also shown. Results are representative

of three independent experiments.

expression of Bim, Bel-xg, and Mcl-1 in naive and IgM ™ memory
B cells (Fig. 4B). Three isoforms (Bim-EL, Bim-L, and Bim-S) are
expressed in various ¢ell types, including lymphocytes (17). In the
absence of stimuli, Bim-EL was weakly expressed in both subsets,
but in IgM ™ memory B cells BCR stimulation induced all of three
Bim isoforms at the level higher than those in naive B cells. On the
other hand; the expression level of anti-apoptotic proteins Bel-x;.
and Mcl-1 was higher in naive B-cells after BCR: stimulation.
Given that the differénce in expression:levels of surface IgM be-
tween: two: subsets: (Fig." 1C) might cause these phenomena, we

tested Mcl-1 expression in naive and IgM™ memory B cells using
titrated doses of anti-IgM Ab: Higher levels of Mcl-1 in naive B
cells were observed at all doses of anti-IgM tested (Fig. 4C). Col-
lectively, these results suggest that after BCR stimulation, anti-
apoptotic Bel-x; and Mcl-1 are predominantly expressed in naive
B cells, whereas the proapoptotic protein Bim was more abun-
dantly expressed in' IgM™ memory B-cells: The discrepancy. of
mRNA: and protein levels strongly suggests the existence of post-
traniscriptional regulation of Bim and Mcl-1 expression in both
subsets:
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FIGURE 4. BCR-induced expression of Bcl-2 family proteins in B cell subsets. Naive and IgM™ memory B cells were incubated for the indicated time
periods in the absence or presence of 20 mg/mi F(ab'), goat anti («)-hIgM. A, Quantitation of Bim, Bel-x;, and Mcl-1 mRNA by real-time PCR in B cell
subsets. Data are normalized to the expression of 18S rRNA. Results are representative of three independent experiments. *, p < 0.01. B, Cell lysates were
separated on a 12.5% SDS-PAGE gel, and analyzed by Western blotting with anti-Bim and -Mcl-1 sera and anti-Bcl-x, and -B-actin mAb. The results shown
are representative of five independent experiments. RE, Relative expression. C, Effect of a titrated dose of anti-IgM on Mcl-1 induction in B cell subsets,
Results are representative of three independent experiments. RE, relative expression.

PI3K activation plays a role in reciprocal regulation of Mcl-1
and Bim protein in B cell subsets

A previous report suggests a critical role of the PI3K pathway in
Mecl-1 expression (18). We tested an effect of a selective PI3K
inhibitor Ly294002 on BCR-induced Mcl-1 expression in naive B
cells (Fig. 5A). Treatment of cells with Ly294002 strongly inhib-
ited Mcl-1 induction in naive B cells, suggesting a critical role of
PI3K activity in Mcl-1 expression in naive B cells. In contrast,
Ly294002 treatment induced the expression of Bim-EL protein
after BCR stimulation (Fig. 54). These results suggest reciprocal
Mcl-1 and Bim expression is dictated by the PI3K pathway. We
thus monitored the phosphorylation of Akt, a downstream mole-
cule of PI3K, during BCR stimulation. Akt phosphorylation was
sustained for longer periods in naive B cells than IgM™ memory B
cells (Fig. 5, B and C). A previous study showed that PI3K acti-
vation is critical for BCR-mediated induction of CD86 and CD69
surface expression in murine B cells (19). As shown in Fig. 1C,
expression levels of CD86 and CD69 are higher in naive than
IgM™ memory B cells at a late time point. Collectively, these
results suggest that reciprocal expression of Mcl-1 and Bim protein
in both subsets could be explained by their distinct regulation of
the PI3K pathway.

Tcll and Gal-1 are the critical mediators for B cell to express
Mcl-1 and Bim proteins, respectively

To identify the molecule responsible for sustained activation of the
PI3K pathway, we conducted gene expression profiling of B cell
subsets before and after BCR stimulation. A subset of genes dis-
played >2-fold differences between naive and IgM™ memory B
cells (data not shown). Among these genes, we focused on Tcll, a
potent Akt kinase coactivator (20, 21). We tested Tcll mRNA

expression in both subsets (Fig. 64). In the absence of stimuli, a
higher level of Tcll mRNA was observed in naive B cells than in
IgM™ memory B cells. BCR stimulation resulted in more than
10-fold mRNA induction of Tcll in naive B cells. We next eval-
uated the level of Tcll protein in both subsets (Fig. 6B). Tcll
protein was detected only in naive B cells irrespective of stimu-
lation. Reduction in the expression of Tcll protein implies the
existence of a posttranscriptional inhibitory mechanism of Tcll ex-
pression. To determine whether Tcll expression can induce Mcl-1
expression to promote B cell survival, Tcll transgene was overex-
pressed in IgM™* memory B cells. Enforced Tcll expression induced
a high level of Mcl-1 expression in IgM™* memory B cells and pro-
tected their apoptotic cell death (Fig. 6, C and D). Thus, Tcll expres-
sion in naive, but not IgM™ memory B cells plays a critical role in
Mecl-1 expression that in turn promotes their survival.

We also sought to identify a molecule involved in Bim expres-
sion and apoptosis in I[gM™ memory B cells. In a list of genes
identified in microarray analysis, higher levels of a glycoprotein
Gal-1 in IgM* memory B cells were noted (data not shown). In the
absence of stimuli, Gal-1' mRNA was more expressed in IgM™
memory B cells and BCR stimulation of this subset caused drastic
mRNA induction of this gene (Fig: 7A4). Consistent with its mRNA
expression, Gal-1 protein was abundantly expressed in IgM™
memory B cells (Fig: 7B). To test whether Gal-1 expression’ can
induce Bim expression in B cells and enhance their apoptosis,
Gal-1 transgene was overexpressed in naive B cells. Enforced
Gal-1 expression resulted in higher levels of Bim expression in
naive B cells; which is associated with the increment of apoptotic
cells by >2-fold (Fig. 7, C and D). These results suggest that Gal-1
plays a vital role in promoting Bim expression and inducing apo-
ptosis in IgM ™ memory B cells. Interestingly, Gal-1 also functions
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M) for 30 min and stinmlated for 36 h in the absence or presence of 20 ug/ml F(ab'), goat anti (a)-hIgM. Cell lysates were separated on a 12.5%
SDS-PAGE gel, and analyzed by western blotting with anti-Bim, -Mcl-1 sera, and anti-B-actin mAb. The results shown are representative of three
independent experiments. B, Naive and IgM™ memory B cells were pretreated with or without Ly294002 (10 uM) for 30 min and stimulated for the
indicated time periods in the absence or presence of 20 pg/ml F(ab'), goat anti-human IgM. Cell lysates were separated on a 10% SDS-PAGE gel and
analyzed by Western blotting with anti-phospho-Akt sera and anti-B-actin mAb. Results are representative of three independent experiments. C, Densi-
tometric analyses of Akt phosphorylation in B cell subsets. The resulting values were expressed as the percentage in reference to that of BCR-stimulated
naive B cells at 0.5 h. Values are the mean  SD of three independent experiments. *, p << 0.05; #*, p < 0.0L.

as a soluble cytokine (22). Because activation of Akt and JNK is Akt phosphorylation, whereas it slightly enhanced JNK phosphor-
critical for regulating Bim expression (23, 24), we tested the effect ylation in B cells upon BCR stimulation. Taken together, Gal-1
of recombinant Gal-1 on BCR-induced phosphorylation of Akt and regulates Bim expression through its effects on activation of Akt
JNK in B cells. As shown in Fig. 7E, Gal-1 remarkably inhibited and JNK in B cells.

A C
8 O '
?, 14 -}'— 5 Cont  Tclt
2 2 )
g 12 € =
@ 10 3
3N =
E s — S
S e s
COENE B 0 RS SN-X &
algM) 0 12 024 0 12 24 pe 108
naive lgM+ memory Mel-1 expression
B D Cort Tett
. & ]
naive IgM+ memory 2 | £
= =4
algM () 0 1224 0 12 24 = i i =
3 4 3 !
g Tclt 2 ! £ | 35.0%
(3 & B
o o
<~ factin " Sl

100 00 f 1 100 g0 10t 107 100 0

Annexin-PE Annexin-PE
FIGURE 6. Tell is critical for Mcl-1 expression and survival of B cell subsets. Naive and IgM™ memory B cells were incubated for the indicated time
intervals in the absence or presence of 20 pg/ml F(ab’), goat anti («)-hIgM. A, Quantitation of Tcll mRNA by real-time PCR in naive and IgM” memory
B cells. Data are normalized to the expression of 18S rRNA. Results are representative of five independent experiments. #, p < 0.01 (with reference to
unstimulated naive B cells). B, Cell lysates were separated on a 12.5% SDS-PAGE gel, and analyzed by Western blotting with anti-Tcll sera, and
anti-B-actin mAb. Results are representative of four independent experiments. IgM™ memory B cells were transfected with either pEGFP-empty or -Tcll
for 18 h and thien stimulated with 20 jug/ml F(ab"), goat anti-high for 24 h. C, After culture, intracellular Mcl-1 expression of GFP-positive cells was
analyzed by flow cytometry. Insets, Expression of Tcll' transgene. Results are representative of three independent experiments. D, After culture, GFP-
positive cells were stained with PE-labeled annexin V and analyzed using flow cytometry. Percentages of annexin-positive cells are shown. Results are
representative histogram of three independent experiments. Cont; Control.
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and anti-B-actin mAb. Results are representative of three independent experiments. Naive B cells were transfected with either pEGFP-empty or -Gal-1 for
18 h and then stimulated with 20 pg/ml F(ab'), goat anti-human IgM for 24 h. C, After culture, intracellular Bim expression of GFP-positive cells was
analyzed by flow cytometry. The insets depict the expression of Gal-1 transgene. Results are representative of three independent experiments. Cont, Control.
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Discussion C) in this subset. Thus, Akt signals might play a critical role in
Our study shows that BCR stimulation rescued naive B cells from controlling Mcl-1 and Bim expression reciprocally in these B cell
apoptosis with Mcl-1 induction, whereas it rather accelerated ap- subsets.
optosis of IgM™ ‘memory B cells with Bim induction. Sustained In contrast to BCR-induced death, spontaneous cell death is
Akt activation in naive but not [gM* memory B cells appears tobe ~ more pronounced in naive than in [gM ™ memory B cells (Fig. 3A).
critical for reciprocal expression pattern of these Bel-2 family.pro- ~ Inr addition, 2-day culture of naive B cells without stimuli caused
teins: Tcll and Gal-1, abundantly expressed in naive and IgM™ a further decrease in mitochondrial membrane potential (Fig. 3C),
memory B cells, respectively, play a crucial role in regulating Akt suggesting. that spontaneous cell death is regulated at the mito-
activation, thereby affecting their survival and death via the Bcl- chondrial level presumably by Bcl-2 family proteins. We, how-
2-regulated pathway. ever, found that in the absence of stimuli, expression levels of Bim
BCR signals regulated Mcl-1 expression primarily at the protein and Mcl-1 in naive and IgM " memory B-cells are comparable
level (Fig: 4B), presumably because Akt up-regulates Mcl-1 post- (data not shown). Therefore, Bim-Mcl-1 balances are not the main
transcriptionally via regulating activation of glycogen synthase ki-  determinant of spontaneous cell death in two subsets. Collectively,

nase-3 (25). Sustained Akt activation in naive B cells (Fig. 5, B and Bim-Mcl-I' balances can regulate activation-induced death of B
C) may thus be indispensable for continuous replenishment of cell subsets; whereas. other. Bcl-2 family proteins might be more
Mcl-1 protein due to extraordinary short half-life of Mcl-1 (26). In critical for the longevity of B: cell subsets in the periphery.

contrast to Mcl-1, Bim transcription is negatively regulated by Akt We show here that Tcll and Gal-1 are differentially expressed in
through via regulating activation of the forkhead transcription fac- human naive and IgM™ memory B cells. Tcll interacts with Akt
tor FOX03a (27). A small but significant increase in Bim mRNA and functions as a potent Akt coactivator (20, 21). In Tcll-defi-
in IgM " memory B cells (Fig. 4A4) in response to BCR stimulation cient mice, the number of splenic follicular, germinal center, and

might be induced by immediate inactivation of Akt (Fig. 5, B and MZ B cells is reduced (28). Our data suggest that Tcll positively
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regulates Akt activation, resulting in Mcl-1 expression in B cells
(Fig. 6). To date, three Tcll isoforms have been identified in mice
and humans: Tcll, TCL1B, and MTCP1. Our analysis showed that
Tell and MTCP1 but not TCL1B mRNA are expressed in human
naive and IgM ™ memory B cells, whereas the expression level of
Tcll mRNA is different between the subsets (data not shown).
These data suggest that the difference in Tcll expression between
the subsets (Fig. 6) does not reflect the expression patterns of Tcll
isoforms in each subset. In contrast to Tcll, Gal-1 induced Bim
protein and enhances apoptosis in B cells (Fig. 7, C and D). Far-
thermore, Gal-1 significantly inhibited BCR-dependent activation
of Akt, leading to the up-regulation of proapoptotic Bim (Fig. 7, C
and E). Gal-1 slightly enhanced BCR-induced JNK phosphoryla-
tion (Fig. 7E). Because JNK activation positively regulates Bim-
induced apoptosis (24, 29), Gal-1 may induce Bim expression in
IgM™ memory B cells also by positively regulating JNK
activation.

Gal-1 may play a critical role in the maintenance of B cell tol-
erance. In fact, anergic B cells express higher levels of Gal-1 than
wild-type cells do (30). Gal-1 induces tolerogenic dendritic cells
and promotes the expansion of regulatory T cells in vivo (31). In
addition, a high level of Gal-1 is required for naturally occurring
CD47CD25™ T cells to maintain their optimal T,,,, function (32).
These data raise an interesting possibility that human IgM ™ mem-
ory B cells play a critical role in the regulation of DC and Treg
functions through Gal-1 production. In contrast, abnormal expres-
sion of Tcll could link to the pathogenesis of B cell malignancies.
Tcll-transgenic mice reveal an expansion of the CD5"IgM ™ pop-
ulation that is reminiscent of human B cell chronic. lymphocytic
leukemia (CLL) (33), and high Tcll expression in human B cell
CLL correlates with an aggressive CLL phenotype showing un-
mutated Ig variable region genes and ZAP70 positivity (34). These
data collectively suggest that fine-tuning of the balance between
Gal-1 and Tcll expression is critical for the homeostasis of human
B cell subsets.

Random generation of BCRs results in the emergence of a large
number of self-reactive B cells, together with pathogen-specific B
cells, BCR-induced cell death and anergy are thus critical for purg-
ing or silencing self-reactive B cells. However, there are signifi-
cant differences in self-reactivity between human B cell subsets: in
healthy individuals; up to 20% of mature naive B cells express
self-reactive BCRs, whereas IgM™ memory B cells are devoid of
such self-reactive BCRs (5, 6). Bim plays a critical role in BCR-
induced cell death and- anergy based on the fact that Bim defi-
ciency causes a substantial expansion of antoreactive B cells lead-
ing to autoimmune diseases (10, 35). Thus, Bim expression in
IgM™ memory B cells' may serve a novel safeguard mechanism
that allows efficient elimination or inactivation of the self-reactive
repertoire. Our data: suggest that the balance between Mcl-1 and
Bim is ¢ritical in determining B cell survival and death: If has been
shown that constitutive expression of B cell-activating factor of the
TNF family (BAFF), a survival-promoting cytokine for murine B
cells, can break B cell tolerance through expanding self-reactive B
cell populations in MZ (36, 37): BAFF exerts its effects on murine
B cell survival through down-regulating Bim andup-regulating
Mel-1 (38, 39). We found that BCR-induced death in human IgM™
memory. B cells is abrogated in the presence of BAFF (data not
shown). Because patients with systemic lupus erythematosus and
Sjdgren’s syndrome have elevated levels of serum BAFF (37), it is
important to test whether self-reactive IgM* memory B cells are
expanded in these autoimmune: diseases.

In summary, BCR signaling dictates survival and death in hu-
man naive and IgM7 memory B’ cells, respectively. These pheno-
types are driven by reciprocal expression of Bcl-2 family proteins

such as Mcl-1 and Bim in these B cell subsets. Tcll and Gal-1 are
expressed in naive and IgM ™ memory B cell subsets, respectively.
Tell and Gal-1 might play critical roles in the expression of Mcl-1
and Bim, at least through regulating Akt activation. Therefore, a
unique set of molecules such as Tcll and Gal-1 defines distinct
BCR signaling cascades, dictating fate of human naive and IgM™
memory B cells.
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