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Costimulation of resting B lymphocytes alters the IL-4-activated

IRS2 signaling pathway in a STAT6 independent manner: impli-

cations for cell survival and proliferation
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ABSTRACT

 IL-4 is an important B cell survival and growth factor. IL-4 induced the tyrosine phosphorylation of IRS2

in resting B lymphocytes and in LPS- or CD40L-activated blasts. Phosphorylated IRS2 coprecipitated with

the p85 subunit of PI 3' kinase in both resting and activated cells. By contrast, association of phosphory-

lated IRS2 with GRB2 was not detected in resting B cells after IL-4 treatment although both proteins were

expressed. However, IL-4 induced association of IRS2 with GRB2 in B cell blasts. The pattern of IL-4-

induced recruitment of p85 and GRB2 to IRS2 observed in B cells derived from STAT6 null mice was

identical to that observed for normal mice. While IL-4 alone does not induce activation of MEK, a MEK1

inhibitor suppressed the IL-4-induced proliferative response of LPS-activated B cell blasts. These results

demonstrate that costimulation of splenic B cells alters IL-4-induced signal transduction independent of

STAT6 leading to proliferation. Furthermore, proliferation induced by IL-4 in LPS-activated blasts is de-

pendent upon the MAP kinase pathway.
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INTRODUCTION

The inappropriate enhancement of lymphocyte

survival due to a block in programmed cell death

and/or an enhancement of entry into the cell cycle

can contribute to the abnormal expansion of clones

resulting in tumorigenesis or the breakdown of pe-

ripheral self-tolerance[1],[2]. Proper lymphocyte

homeostasis is critical for normal immune function

and is maintained by a complex series of cellular

interactions and the action of secreted cytokines.
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Interleukin-4 (IL-4), a cytokine produced by T

cells, mast cells, and basophils, has profound ef-

fects on the growth and differentiation of B and T

lymphocytes[3]. As an important growth and sur-

vival factor for normal B cells, IL-4 maintains the

viability of small, resting B cells, but is unable to

induce cellular proliferation without a co-stimula-

tory agent such as bacterial lipopolysaccharide (LPS)

or CD40 stimulation[4-6]. Additionally, IL-4 has

been shown to reverse the effects of certain stimuli

that inhibit B cell activation, such as tolerogenic

doses of anti-IgM[7],[8], the cross-linking of sur-

face IgM and Fc receptors[9], and the susceptibil-

ity of CD40L-activated B cells to FasL-mediated

death[10]. Although major advances have been

made in understanding the structure of the IL-4

receptor complex and the biochemical signaling

pathways that are activated by the binding of IL-4

to its receptor[11], most of these pathways have

been analyzed in long-term factor-dependent lines.
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The mechanism by which IL-4 signals in normal

lymphocytes is still unclear.

IL-4 binds to a cell surface receptor complex

consisting of the IL-4 binding chain (IL-4R ) and

either the common  γ chain (γc) or a component of

the IL-13 receptor (IL-13Rα)[12]. The IL-4Ra as-

sociates with the Janus family kinase JAK1 and

the γc associates with JAK3[13-15]. Occupancy of

the IL-4 receptor induces tyrosine phosphorylation

of the IL-4R γ itself and of a 170-180 kDa protein,

operationally defined as IL-4-induced phosphory-

lated substrate, 4PS, in many IL-4-responsive cell

types[16]. 4PS was termed IRS2 due to its homol-

ogy to the insulin receptor substrate-1 (IRS1), a

substrate of the insulin receptor kinase[17,18];

both substrates act as important signaling mol-

ecules for the IL-4, insulin and insulin-like growth

factor-I (IGF-I) receptors[18].

IRS1 and IRS2 are not highly homologous at the

DNA level, but they contain localized regions of

high homology at the amino acid level[18]. Both

contain numerous potential tyrosine phosphoryla-

tion sites and numerous potential serine/threonine

phosphorylation sites. Tyrosine phosphorylation of

sites within both IRS1 and IRS2 allows their high

affinity association with cellular proteins that con-

tain SH2 domains including the p85 regulatory

subunit of PI 3' kinase (PI-3K), growth-factor re-

ceptor-bound protein 2 (GRB2), and the src-ho-

mology protein tyrosine phosphatase 2 (SHP2), as

well as other signaling molecules. The precise role

of these recruited signaling molecules in regulat-

ing responses to IL-4 is not well understood.

 Previous studies, focusing on the IL-3-depen-

dent myeloid progenitor cell type 32D, support a

role for IRS family members in signaling the IL-4-

induced proliferation and prevention of apoptosis.

32D cells expressing the cDNA encoding IRS1 or

IRS2 (32D-IRS) are able to mount a mitogenic re-

sponse to IL-4[18,19], while 32D cells lacking IRS

expression are not. In these transfected cells, IL-4

readily induces the tyrosine phosphorylation of IRS

and its association with p85 and GRB2; a prolif-

erative response to IL-4 has been associated with

IRS docking to GRB2[20]. The adaptor GRB2 binds

to the protein encoded by son-of-sevenless, SOS,

the nucleotide exchange factor that regulates the

Ras/Raf/mitogen activated protein kinase (MAPK)

pathway. However, the ability of IL-4 to activate

this pathway is controversial [reviewed in 11]. A

number of studies have found that IL-4 does not

stimulate the tyrosine phosphorylation of SHC, the

activation of ras, the phosphorylation of raf, or the

tyrosine phosphorylation of extracellular signal

regulated kinase (ERK)[11,21]. There are some

studies, however, that show several cell lines do

respond to IL-4 with weak tyrosine phosphoryla-

tion of SHC and ERK[11,21].

Overexpression of IRS1 has been shown to pro-

tect 32D cells from death induced by IL-3 depriva-

tion[22]. The IRS1-dependent prevention of

apoptosis was associated with the activation of PI

3' kinase since wortmannin and LY294002, two

inhibitors of PI 3' kinase[23,24], partially inhibited

the protection from apoptosis mediated by IL-4. In

addition, it has been shown that treatment of small,

resting B cells with IL-4 results in the potent ty-

rosine phosphorylation of a 180 kDa protein that

is precipitated by IRS2-specific antisera, but not

by IRS1 specific antisera[22],[25]. Furthermore,

wortmannin and LY294002 blocked the protection

from spontaneous apoptosis by IL-4[22] suggest-

ing the IRS2/PI 3 -kinase pathway is important

for the IL-4-induced protection of normal B cells

from apoptosis. Indeed, resting B cells purified from

mice lacking expression of the p85a subunit of PI

3' kinase in the lymphocyte compartment were not

protected from apoptosis by IL-4[26].

The role of STAT6 in the regulation of B-cell

proliferation and protection from apoptosis in re-

sponse to IL-4 is unclear. Several lines of evidence

indicate that the activation of two major biochemi-

cal pathways, IRS and STAT6, by IL-4 are inde-

pendent of each other at the induction stage of the

signal transmission. In 32D cells lacking IRS1 or

IRS2 expression, IL-4-treatment is able to activate

STAT6 DNA-binding activity[27]. On the other

hand, IL-4 is able to stimulate the tyrosine phos-

phorylation of IRS2 in lymphocytes derived from

mice deficient in STAT6 expression as well as in

lymphocytes derived from normal mice[28]. Sev-

eral reports suggests that STAT6 may not contrib-

ute to the IL-4-induced survival of T cells[29,30].

While the early biochemical pathways activated by

IL-4 are distinct, new evidence suggests that they

may overlap further downstream leading to coop-
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eration in a final biologic outcome. Three indepen-

dent laboratories showed that STAT6 null mice

have a modest to substantial diminution in IL-4-

induced co-stimulation of B and T cell growth[31-

33] in response to antigen receptor cross-linkage

suggesting that STAT6 is involved in regulating the

proliferative response.

While there are many analyses of IL-4 signal

transduction in long-term cell lines and a few us-

ing primay T cells[11], there is only limited infor-

mation on the molecular mechanism of IL-4 sig-

naling in normal B lymphocytes. To characterize

the regulation of normal B cell survival and prolif-

eration in response to IL-4, we analyzed the sig-

naling pathways involved in the IL-4-mediated

proliferation and protection from apoptosis in nor-

mal and STAT6 null B lymphocytes. We found that

IL-4 protects both resting and activated B cells from

apoptosis and that this activity is correlated with

PI 3' kinase recruitment to IRS2 in both control

and STAT6 null B cells. In addition, we found that

costimulation of splenic B cells with LPS or CD40L

can alter IL-4-induced signal transduction, inde-

pendent of STAT6 expression, such that IRS2 will

coprecipitate with the SOS-binding adaptor GRB2.

Furthermore, we provide evidence that the prolif-

eration induced by IL-4 in LPS blasts is depen-

dent upon the PI 3 kinase pathway and the MAP

kinase pathway.

MATERIALS AND METHODS

Cells and reagents

The B cell lymphoma M12.4.1 (obtained from Dr. Richard

Asofsky, NIAID, NIH) was maintained in RPMI-1640 culture

medium (Biowhittaker, Gaithersberg, MD) supplemented with

10% FBS, 100 U/ml penicillin, 100 g/ml streptomycin, 2 mM

glutamine, and 1  10-7 M 2-mercaptoethanol. B6D2/F1 mice

were purchased from Jackson Laboratories (Bar Harbor, ME).

Mice lacking STAT-6 expression[33], generated by the labora-

tory of Dr. James Ihle, St. Jude Children s Research Hospital,

were generously provided by Dr. William E. Paul and Ms. Cyndy

Watson. Mouse splenic cells were obtained by mechanical dis-

ruption following incubation in lysis buffer (0.15 M NH4Cl, 1.0

mM KHCO3, 0.1 mM EDTA, pH 7.2) for 5 min to remove red

cells. Where indicated small, resting splenic murine B cells were

purified by Percoll gradient fractionation after treatment of to-

tal spleen cells with anti-Thy and complement. Purified B cells

from the 70-66% Percoll layer were incubated with media alone

or in the presence of 20 μg/ml lipopolysaccharide (Sigma Chemi-

cal C0., St. Louis, MO) or with 3 μg/ml of a membrane preparation

containing recombinant CD40L (a generous gift of Dr. Marilyn

Kehry, Boehringer Ingelheim) for 48 h at 37 oC. Recombinant

mIL-4 was obtained from R and D Systems (Minneapolis, MN).

Wortmannin was purchased from Sigma (St Louis, MO).

LY294002, PD98059, and SB203580 were obtained from

Calbiochem.

Apoptosis assay

 Percentage of apoptotic cells was determined by analyzing

the nuclear DNA content by flow cytometry[34]. Splenic cells

were stained with FITC-conjugated anti-B220 monoclonal anti-

body (Pharmigen, San Diego, California). After washing in PBS,

the cells were incubated overnight in 75% ethanol at 4oC. The cells

were then washed with PBS and incubated for 30 min in PBS

containing 50 g/ml propidium iodide and 50 g/ml RNase

(Sigma Chemical Co, St. Louis, MO.). DNA content of B220+ cells

was analyzed in a FACScan cytometer (FACScan, Becton

Dickinson). The apoptotic cells were defined as those with less

than a 2N DNA content. Where indicated cell viability was deter-

mined by trypan blue dye exclusion.

Immunoprecipitation and immunoblotting

Analysis of IRS tyrosine phosphorylation and coprecipitation

with signaling molecules was performed as previously described

[35]. Briefly, cells were deprived of serum in RPMI for 2 h at 37oC.

After washing, 107 cells were resuspended in RPMI and incubated

in the presence or absence of murine IL-4 (10 ng/ml) for 10 min

at room temperature. The reaction was terminated by 10-fold

dilution in ice-cold PBS. Cell pellets were lysed in HEPES lysis

buffer (50 mM HEPES, 150 mM NaCl, 0.5% NP-40, 1 mM

Na3VO4, 50 mM NaF, 10 mM pyrophosphate, 1 mM PMSF, and

protease inhibitor cocktail) and clarified. Protein determination

was made using the BioRad kit according to the manufacturer.

The soluble fraction was immunoprecipitated with a polyclonal

rabbit anti-IRS2 (a generous gift of Dr.s Ling-Mei Wang and

Jacalyn Pierce, NCI, NIH), anti-GRB2 (Santa Cruz, CA), or

anti-p85 (Upstate Biotechnologies, Lake Placid, NY). The pre-

cipitates were washed in lysis buffer and solubilized in SDS sample

buffer. The samples were separated on 7.5% SDS-polyacryla-

mide gels before transfer to a PVDF membrane. The membranes

were then probed with a monoclonal anti-phosphotyrosine

antibody, RC20-H (Transduction Labs, Lexington, KY) to de-

tect tyrosine phosphorylated IRS2 or with anti-IRS-2 antibody.

The bound antibody was detected using enhanced chemilumi-

nescence (Amersham, Arlington Heights, Illinois). Where indi-

cated the blots were stripped and probed with control antibodies.

Band intensities were analyzed using the public domain NIH-

Image software.

Cellular proliferation assays

    For the study of cellular proliferation, the cells were

incubated at 2.5  104 cells per well in a final volume of 0.2 ml of

complete RPMI in the presence or absence of muIL-4 (10 ng/ml),

LPS (2 μg/ml), or CD40L (1 μg/ml) for 72 h at 37 oC. The wells were

pulsed with 1 μCi/well 3H-thymidine for the final 4 h of culture

before harvesting using a Packard harvestor and the Matrix

Costimulation alters the IL-4-activated IRS2 pathway
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9600 direct beta count system.

RESULTS

We previously showed that PI 3 kinase was

involved in the anti-apoptotic activity of IL-4 on

normal B-cells[22]. Several studies have suggested

that STAT6 is not critical for the anti-apoptotic ef-

fects of IL-4 on T cells[29],[30]. To directly test

the contribution of the STAT6 pathway on the regu-

lation of resting B cell survival in response to IL-4,

apoptosis studies were performed using B cells iso-

lated from STAT6 null mice (Fig 1). Purified B cells

derived from control or STAT6 null mice were cul-

tured in the presence or absence of IL-4. In the

absence of IL-4, B-cell viability steadily diminished

over time dropping to ~ 50% viability after 48 h.

However, in the presence of IL-4 B-cells from both

control and STAT6 null mice remained > 80% vi-

able after 60 h of culture (not shown). B cell

apoptosis was directly analyzed by staining B220+

Fig 1. Protection from apoptosis and proliferation induced

by IL-4 in B cells from STAT6 null mice. A. Spleen cells

isolated from control or STAT6 null mice were cultured in

the presence or absence of mIL-4 (10 ng/ml) for 48 h. The

cells were then stained with FITC-conjugated anti-B220

antibody. After washing, the cells were ethanol-fixed and

stained with propidium iodide. DNA content in B cells

(B220+ cells) was analyzed by FACScan and the percent

hypodiploid is considered apoptotic. B. Resting splenic B

cells were purified from control (open triangle) or STAT6

null mice (closed circle) and cultured with media alone,

CD40L (1 g/ml) in the presence of various concentrations

of mIL-4 for 72 h. 3H-thymidine was added during the last

4 h of culture. Results are representative of two similar

experiments.

cells for DNA content using propidium iodide (Fig

1A). After 48 h of culture in the absence of IL-4,

the B cell populations derived from control and

STAT6 null mice demonstrated 56.6 and 59.8%

hypodiploid, apoptotic cells respectively. In the

presence of IL-4 the levels of spontaneous apoptosis

were reduced to 17.3 and 23.4%. These results

demonstrate that expression of STAT6 is not re-

quired for the IL-4-induced protection of resting

splenic B cells from apoptosis.

Previous studies on STAT6 null B cells showed

a diminished proliferative response to anti-IgM

plus IL-4[31-33]. However, it has been reported

Zamorano J et al
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that anti-IgM itself can activate STAT6 in murine

B cells[36]. To determine whether proliferation is

diminished in response to other B -cell costimulants,

we tested the responses to bacterial lipopolysaccha-

ride (LPS) or the ligand for CD40 (CD40L). STAT6

null B cells showed a diminished, but detectable,

proliferative response to LPS plus IL-4 and CD40L

plus IL-4 when compared to control B cells (Fig

1B). B cells derived from STAT6 null mice were

less sensitive to IL-4 and reached a plateau level of

proliferation approximately half that of the control

cells. These results indicate that STAT6 expression

is not required for the IL-4-induced protection from

apoptosis, but that it does contribute to a maximal

proliferative response of B cells to IL-4 in the pres-

ence of LPS or CD40L costimulation.

Since the polyclonal B cell activators LPS and

CD40L have been shown to alter the IL-4 respon-

siveness of B cells[6],[37], we analyzed IL-4 sig-

naling in resting and activated B cells. After IL-4

treatment, a tyrosine phosphorylated protein of 180

kDa (IRS2) was precipitated by anti-IRS2 and co-

precipitated with antibodies to the p85 subunit of

PI 3  kinase in both resting and activated splenic

B cells (Fig 2A). Control blots with anti-IRS2 anti-

body confirm equal loading and that the 180kDa

phosphoprotein associated with p85 is IRS2. This

association was independent of STAT6 (Fig 2B).

IRS2 protein was found to coprecipitate with the

p85 subunit of PI 3  kinase in resting B cells

isolated from control or STAT6 deficient mice only

after IL-4 treatment. The same results were ob-

tained using LPS blasts (data not shown). It was

previously shown that interaction of p85 with IRS2

induces PI 3 kinase activity of the catalytic sub-

unit[16]. We found that wortmannin blocked the

IL-4-induced protection from apoptosis in LPS-ac-

tivated B cells (data not shown), similar to the ef-

fects of wortmannin on the IL-4-mediated protec-

tion of resting cells[22]. These results are supported

by the report by Fruman et al using LPS activated

B cells derived from p85a deficient mice[26] and

indicate a role for the IRS2/PI 3' kinase pathway

in the IL-4-induced survival of activated B cells as

well as the survival of resting B cells.

It has beens shown that IL-4 treatment will in-

duce the association of GRB2 with phosphorylated

IRS1 and 2 in IL-3-dependent cell lines[18],[19].

However, we found that phosphorylated IRS2 was

Fig 2.  Coprecipitation of IRS2 with PI 3  kinase in wild

type and STAT6 deficient B cells. A. Resting splenic B cells

or B cells stimulated with LPS or CD40L for 48 hours were

prepared as described in the Materials and Methods. The

cells were treated with mIL-4 (10 ng/ml) for 10 min as

indicated. The lysates were precipitated with anti-IRS2 or

anti-p85 (p85) as indicated. Western blots were probed with

anti-PY to detect tyrosine phosphorylated IRS2. Samples

from resting and LPS-activated B-cells were run on the

same gel, while the samples from CD40L-activated B-cells

were run on a second gel. Blots were stripped and reprobed

with anti-IRS2. These results are representative of over 5

separate experiments. B. Resting B cells isolated from WT

or STAT6 deficient mice were incubated in the presence or

absence of mIL-4 (10 ng/ml) as indicated. The lysates were

precipitated with anti-p85. Western blots were probed with

anti-IRS2. The blot was stripped and reprobed with anti-

p85 as control. Results are representative of three similar

experiments.

not co-precipitated with anti-GRB2 in resting B

cells treated with IL-4 (Fig 3A) while it was with

anti-p85. Interestingly, if the cells had been acti-

vated with LPS or CD40L, phosphorylated IRS2

was coprecipitated by both anti-p85 and anti-GRB2.

In addition, IRS2 was coprecipitated with GRB2

in murine B lymphoma cell lines (data not shown).

The signal intensity of tyrosine phosphorylated

IRS2 coprecipitating with anti-GRB2 was approxi-

mately 0%, 80% and 70% of the signal for that

coprecipitating with anti-p85 for resting, LPS-blast,

and CD40L-blast B cells respectively. A similar

pattern of coprecipitation was observed in resting

and activated B cells isolated from STAT6 deficient

mice (Fig 3B). IRS2 protein was found to

coprecipitate with GRB2 in activated cells, but not

resting cells, isolated from control or STAT6 defi-

Costimulation alters the IL-4-activated IRS2 pathway
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cient mice, only after IL-4 treatment. These results

suggest that B cell co-stimulation alters the IL-4-

activated IRS2 signalling pathway in a STAT6 in-

dependent manner such that phosphorylated IRS2

interacts with p85 and GRB2.

Activation of B cells results in a general increase

in protein synthesis; in our system LPS treatment

for 48 h induced a 4-5-fold increase in the amount

of total protein isolated from the same number of

B cells. Both resting and activated B cells express

GRB2 protein (Fig 4) with LPS-blasts expressing

~ 4 fold more GRB2 on a per cell basis than rest-

ing B cells. The level of IRS2 protein expression is

generally low and was not greatly changed by LPS

stimulation (also seen in Fig 2). Therefore, the in-

ability of IL-4 to induce the association of IRS2 with

GRB2 in resting cells cannot be simply explained

by a lack of protein expression.

While IL-4 treatment alone suppresses apoptosis

Fig 3. Coprecipitation of IRS2 with GRB2 in wild type and

STAT6 deficient B cells. Resting splenic B cells or B cells

stimulated with LPS or CD40L for 48 h were prepared as

described in the Materials and Methods. The cells were

treated with mIL-4 (10 ng/ml) for 10 min as indicated. The

lysates were precipitated with anti-p85 (p85) or anti GRB2

(GR). Western blots were probed with anti-PY to detect

tyrosine phosphorylated IRS2. These results are represen-

tative of over 5 separate experiments. B. Resting B cells

and LPS-blasts prepared from WT or STAT6 deficient mice

were treated with mIL-4 as above. The lysates were pre-

cipitated with anti-GRB2. Western blots were probed with

anti-IRS2. The large amount of light chain from the rabbit

anti-GRB2 antibody used to immunoprecipitate and the

low percentage of acrylamide used for the SDS-PAGE analy-

sis of IRS2 precluded visualization of GRB2 levels on this

blot. Results are representative of three similar

experiments.

Fig 4.  Resting B cells express GRB2 and IRS2. Top. Cell

lysates prepared from 106 resting B cells, equivalent to  5

mg protein or 106 LPS blasts equivalent to  20 μg protein

were separated by SDS-PAGE. Western blots were probed

with anti-GRB2. The region of the blot between the 33 and

20 kDa molecular weight marker is shown. Bottom. Cell

lysates were prepared from 107 resting or LPS blasts and

immunoprecipitated with anti-IRS2. Western blots were

probed with anti-IRS2. The region of the blot between the

200 and 100 kDa molecular weight marker is shown. These

results are representative of 3 similar experiments.

of primary resting B cells through a PI 3  kinase-

dependent mechanism, it does not induce prolif-

eration without a costimulus[6]. We have shown

that one outcome of stimulation with LPS or CD40L

is to enable the IL-4-induced association of IRS2

with GRB2. While it has been shown that IL-4 it-

self generally does not activate the Ras/Raf/MAPK

pathway, there are recent studies showing that IL-

4 can augment proliferative responses downstream

of this pathway stimulated by other factors in 32D

cells[21]. Since the GRB2 adaptor can regulate the

RasRaf/MAPK pathway, we examined the contri-

bution of the MAPK pathway in the IL-4-induced

costimulation of B-cell proliferation using an in-

hibitor of mitogen activated protein kinase kinase

(MEK1) which is upstream of ERK (Fig 5). The

MEK1 inhibitor, PD98059, suppressed the IL-4-

induced 3H-thymidine uptake of LPS treated B

cells in a dose dependent manner with an IC50 of

~ 20 mM (using the LPS alone response as

baseline). The inhibitor of JNK kinase, SB203580,

had no effect on B cell proliferation (data not

shown). Concentrations of PD98059 that sup-

pressed the IL-4-induced proliferative response had

no effect on the level of proliferation observed in

response to LPS alone. An inhibitor of PI 3'-kinase,

LY294002, had suppressive activity on B-cell pro-

liferation in response to LPS alone and to LPS plus

Zamorano J et al
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IL-4 at 3 mM. Addition of a low concentation of

LY294002 (1 μM) to B cell cultures resulted in

greater sensitivity to PD98059. In the presence of

LY294002, the IC50 of PD98059 was ~ 3 M com-

pared to 20 M in its absence. These results dem-

onstrate that both the PI 3  kinase and MAP ki-

nase pathways contribute to the IL-4-induced pro-

liferation of activated B cells.

DISCUSSION

The development and maintenance of an im-

mune response is achieved by regulated processes

that include cell proliferation, differentiation, and

programmed cell death via apoptosis. IL-4 has been

shown to regulate all three of these processes in B

and T lymphocytes. In this study, we analyzed the

role of the insulin receptor substrate-2 and STAT6

in regulating the survival and proliferation of rest-

ing and activated B lymphocytes in response to IL-

4 treatment.

 Firm support for a role of IRS family members

in signaling the IL-4-induced proliferation has

been obtained using the IL-3 dependent myeloid

cell type 32D[18],[19]. We have shown that they

are also important for signaling the prevention of

apoptosis in response to IL-4[22]. Expression of

the cDNA encoding IRS1 or IRS2 in 32D cells

(32D-IRS) allows for a mitogenic response to IL-4.

Fig 5.  Effect of inhibitors of the PI 3' kinase and MAPK pathways on B-cell proliferation in response to LPS plus IL-4. Resting

splenic B cells were purified and cultured with LPS (3 μg/ml), open circles, or LPS plus IL-4 (5 ng/ml), closed circles, in the presence

or absence of various concentrations of PD98059 or LY294002 in triplicate as indicated for 72 h. 3H-thymidine was added

during the last 4 h of culture. The results are representative of 3 similar experiments.

In these transfected cells, IL-4 readily induces the

tyrosine phosphorylation of IRS and its association

with both p85 and GRB2. IL-3 withdrawal induces

G1-arrest in 32D cells and subsequent death by

apoptosis. We have previously shown that

overexpression of IRS1 protects 32D cells from

death induced by IL-3 deprivation[22]. Although

IL-4 was able to protect 32D cells from apoptosis

in the absence of IRS1, the protection from

apoptosis of cells cultured in IL-4 was greater in

the presence of IRS1 and it reached levels compa-

rable to those of cells cultured in IL-3. The IRS1-

dependent prevention of apoptosis was associated

with the activation of PI 3  K since wortmannin

and LY294002, two inhibitors of PI 3' kinase[23],

[24], partially inhibited the prevention of apoptosis

mediated by IL-4 in 32D-IRS1 cells after IL-3-

withdrawal, but not in 32D cells lacking IRS1

expression.

The activation of PI 3  kinase has been impli-

cated in the protection from apoptosis mediated by

other survival factors[38],[39], and it has been

shown that insulin and IGF-1, which also use the

IRS pathway, prevent apoptosis by a mechanism

that requires PI 3' kinase[39],[40]. We observed a

similar role for the IRS/PI 3  kinase pathway in

the IL-4-induced protection from apoptosis in nor-

mal B cell. B cell express relatively low levels of

Costimulation alters the IL-4-activated IRS2 pathway
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IRS2. protein[22],[23]. However, IL-4 treatment

induces the easily detectable tyrosine phosphory-

lation of IRS2. We observed the association of p85

with IRS2 after IL-4 stimulation of small resting B

cells and activated B cells. In keeping with this

observation, the inhibition pattern observed in B

cells was quite similar to that seen in 32D cells.

Wortmannin partially inhibited the protection from

apoptosis by IL-4 in both resting[22] and LPS-ac-

tivated B cells with an inhibitory concentration

(IC50 80 nM) consistant with its published affects

on PI 3' kinase in cells[38],[41-43]. Similar results

were obtained with LY294002, a competitive in-

hibitor of PI 3' kinase [22 and data not shown].

These results are consistant with studies of B cells

lacking p85a expression. In the absence of p85a,

IL-4 was not able to protect B cells from apoptosis

[26].

Relatively little is known about the mechanisms

that transmit signals beyond PI 3  kinase in

lymphocytes. Potential candidates include PKB/

Akt, p70S6 kinase, PKCε and PKCη[44]. Although

it has been demonstrated in several cell types that

PI 3  kinase activation leads to the activation of

p70S6K[39-41], we found that rapamycin does not

block the protection from apoptosis by IL-4 in

splenic B cells [22 and data not shown], suggest-

ing that p70S6K is not leading to anti-apoptotic

signals in this system. It is possible that the PI 3

kinase pathway leading to the protection from

apoptosis in B cells is linked to one of the other

downstream effector molecules such as PKB. PKB

activation by growth factors induces the serine phos-

phorylation of Bad thereby diminishing its pro-

apoptotic activity[45], however, it has been shown

that IL-4 is not one of the growth factors with po-

tent Bad-phosphorylating activity[46]. It remains

to be determined whether IL-4 treatment of splenic

B cells induces PKB-dependent post-translational

modification of other signaling molecules that func-

tion to prevent apoptosis.

Strikingly, we observed that activation of B cells

by LPS or CD40L altered the IL-4-stimulated IRS2

pathway such that IRS2 and GRB2 were found to

associate. Similar studies using anti-IgM activated

B cells were hampered by the extensive levels of B

cell apoptosis induced by this treatment[7, 8, 47

and ADK personal observations]. It has been shown

previously that B cell activation enhances expres-

sion of the IL-4 receptor by ~ 2-fold[11]. However,

B-cell activation by CD40L also alters the kinetics

of association of JAK3 with the tyrosine phos-

phatase SHP-2[48]. This was accomplished with-

out affecting the composition of the IL-4 receptor

complex[48], making it unlikely that the change in

IL-4 signaling after activation is simply due to an

increase in receptor number. Although we clearly

see potent tyrosine phosphorylation of IRS2 in re-

sponse to IL-4 treatment of resting B cells, it was

not found associated with GRB2. One possible ex-

planation is that LPS-activation may alter the ra-

tio of these two signaling molecules as well as the

specific activity of tyrosine phosphorylation of IRS2.

In addition, the inability of IL-4 to induce the for-

mation of IRS2/GRB2 complexes in resting B cells

may involve the differential activation and recruit-

ment of specific phosphatases, kinases, or other

adaptor proteins to IRS2 itself or to other compo-

nents of the IL-4 receptor complex. A corollary to

this possibility is that the single GRB2-binding site

in IRS2 may not be a target for tyrosine phospho-

rylation in resting cells while it is in activated cells.

We have assayed for the association of SHP2 with

IRS2 in B lymphocytes but have not been able to

detect any coprecipitation of SHP2 with IRS2 in

either resting or activated B cells (ADK, personal

observations).

Interestingly, IL-4 protects B cells isolated from

STAT6 null mice from spontaneous apoptosis.

Furthermore, IL-4 was able to stimulate IRS2 phos-

phorylation and its association with p85 in these

cell populations. This suggests the possibility that

STAT6-regulated gene expression is not involved

in the protection from apoptosis mediated by IL-4.

Consistant with our results in B cells, studies in T

cells derived from STAT6 null mice found that they

survive normally in vitro in the presence of IL-4

[29],[30].

Although the lack of STAT6 expression had no

effect on the ability of IL-4 to protect B cells from

apoptosis, it clearly affected the proliferative re-

sponse to IL-4-. The mechanism by which STAT6

might regulate the ability of IL-4 to costimulate cell

cycle in B cells is unclear. Kaplan et al have found

that the proliferative defect observed in T cells

derived from STAT6 deficient mice is associated

Zamorano J et al
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with the failure to down-modulate p27Kip-1[30]. While

LPS treatment downmodulates p27kip1 expression

in resting B cells, we have not seen an additional

effect of IL-4 on this cyclin-dependent kinase in-

hibitor (data not shown). We have shown that in

the absence of STAT6 expression, IL-4 is able to

induce the tyrosine phosphorylation of IRS2, its

association with PI 3 kinase in resting cells and

its association with both PI 3  kinase and GRB2 in

activated cells. These results indicate that STAT6

is not regulating B cell proliferation at the level of

early events in the IRS2 signaling pathway. Sig-

naling studies in 32D cells indicate that the ability

of IL-4 to induce c-myc is related to IRS1 activa-

tion and separable from its ability to activate STAT6

[27] and IL-4 is able to induce c-myc expression in

B cells derived from STAT6 deficient mice (ADK,

personal observation). Further analyses will be re-

quired to determine the role of STAT6 in regulat-

ing the IL- 4- induced proliferation of splenic B

cells.

The involvement of the MAPK pathway in IL-4

signaling is controversial. Most analyses have found

that IL-4 itself does not activate Ras, Raf, or in-

duce phosphorylation of ERK1 and 2, although

there are a few exceptions[11],[49]. However, a

recent study found that IL-4 signaling could en-

hance proliferation of 32D cells in response to IGF-

1 through the MAP kinase pathway[21]. One can

envision a scenario whereby a B cell stimulant such

as LPS activates the MAP kinase pathway and that

IL-4, via signaling IRS2/GRB2/SOS, either en-

hances this pathway or leads to a downstream ef-

fector whose function is dependent upon this path-

way to mediate a proliferative response. In either

case, inhibition of the MAPK pathway with agents

such as PD98059 will suppress the IL-4-mediated

proliferation. At this time we favor the latter possi-

bility since IL-4 did not induce or enhance the level

of phospho-ERK detected in lysates derived from

resting or LPS-activated B cells (data not shown).

While the ability of IL-4 to stimulate the tyrosine

phosphorylation of SHC is weak to nil[11],[21],[49],

we cannot yet completely rule out the possibility

that the SHC/GRB2/Ras/Raf/MAPK pathway par-

ticipates in the IL-4-induced proliferation of B cells.

Clearly the regulation of normal B cell prolifera-

tion in response to IL-4 is complex and requires

modifications in cell signaling proteins induced by

another B-cell activating agent. Two modifications

with such activity have thus far been described, the

association of JAK3 with SHP-2[48] and the asso-

ciation of IRS2 with GRB2 [herein]. Future analy-

ses will be required to test whether these specific

biochemical changes are directly responsible for the

IL-4-induced proliferation of activated B cells.
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