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Abstract

Crosslinking FceRI on mast cells by IgE and antigen initiates cascades leading
to anti-parasitic or allergic responses. It was recently reported that IgE without
antigen (IgE(-Ag)) actively promotes mast cell survival. Although we have
demonstrated that the ITAM within FcRy is essential for IgE(-Ag)-induced mast
cell survival, the underlying mechanism remains still unclear. Here, we
investigated the mechanism of IgE(-Ag)-induced survival using mast cells lacking
several downstream molecules. Lyn and Syk were essential, whereas Fyn, Gab2
and the PI3K-Akt pathway were not critical for survival. Failure of survival in
FcRy'/' BMMCs was rescued by co-culture with IgE-treated WT BMMCs,
suggesting that survival is induced not directly through FceRl signals. We found
that the survival is predominantly mediated by high production of IL-3, evidenced
by severe impairment of survival by anti-IL-3 and in IL-3” BMMCs. The
upregulation of Bcl-xL/Bcl-2 by IgE was abrogated in IL-3” BMMCs, whreas the
expression of histidine decarboxylase (HDC) was normally induced. These

results indicate that IL-3 plays a crucial role for IgE(-Ag)-induced mast cell
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survival, functioning in an autocrine manner by inducing the Bcl-xL/Bcl-2 via

STAT5. We further suggest that IgE(-Ag)-mediated gene expression in mast cells

is regulated at least two mechanisms: autocrine IL-3-dependent and

—independent.
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Introduction

The high affinity IgE receptor, FceRlI, exists as a tetramer composed of o and
Bmonomers and a y homodimer in rodent cells *. The B and y chains contain an
immunoreceptor tyrosine-based activation motif (ITAM) within their cytoplasmic
domains. FceRl can bind to IgE in the absence of Ag. This step has been thought
as a passive “sensitization” prior to subsequent Ag crosslinking. However,
several works revealed that IgE alone can actively promote upregulation of cell
surface FceRI 2 and mast cell survival >®. FceRI upregulation by IgE is caused
by stabilization of FceRI on the plasma membrane 8 which requires the FceRla
chain *'° but not FceRly-ITAM .

On the other hand, we have recently shown that IgE-induced mast cell
survival is mediated through ITAM within the FCcRy chain, similar to degranulation
by crosslinking by Ag plus IgE (IgE(+Ag)) . Furthermore, we have also shown
that a weak but sustained FcRy signal is sufficient for mast cell survival by varying
the strength of stimulation via a CD8/FcRy chimera 2. However, the precise

signaling pathway elicited by IgE(-Ag) towards survival remains unclear,
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compared with well-characterized IgE(+Ag)-induced signaling. Crosslinking of
FceRl by IgE(+AgQ) initiates an activation signaling cascade via tyrosine
phosphorylation of ITAMs by Src family protein tyrosine kinase, Lyn. Syk is then
recruited to phospho-ITAMs within FcRy, where it is activated to phosphorylate
several key substrates such as LAT and SLP-76 . But the involvement of these
signaling molecules in IgE(-Ag)-mediated survival has yet to be clarified.

IgE may induce survival signal directly through FceRI. In addition to the
classical pathway of FceRI-mediated signaling described above, Fyn-mediated
signal is also reported to be involved in FceRI signal transduction ™, through
positively regulating the phosphorylation and function of Gab2. The absence of

) '°. Gab2 also induces

Gab2 severely impairs mast cell responses to IgE(+Ag
recruitment and activation of phosphoinositide 3-kinase (PI3K) '®. In most cells,
PI3K has a role in cell survival via activation of PI3K-dependent kinase 1 (PDK1)
and Akt ", but the contribution of these pathways to IgE-induced survival

remains undefined.

As for which effector molecule induces survival, Bcl-xL may play a role since
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IgE alone prevents downregulation of Bcl-xL by IL-3 withdrawal ®. Whether
signaling through FceRI directly regulates Bcl-xL, however, is still unclear.
Alternatively, IgE-induced survival is recently reported to be mediated by

soluble factors but it is still controversial '8

. It is possible that cytokine(s) could
contribute to this event, either individually or synergistically, in an autocrine
manner °. Although IL-3 and IL-4 are potent growth and survival factors for mast
cells '8, whether these cytokine(s) are produced upon IgE(-Ag) at a level that is
for supporting mast cell survival is unknown.

Here, we investigated the signaling pathway that mediates IgE-induced
survival using BMMCs or fetal liver-derived mast cells (FLMCs) lacking several
downstream molecules. Lyn and Syk were essential, whereas the Fyn, Gab2,
PI3K p85a, and Akt pathway were dispensable. We further demonstrated that
high level of autocrine production of IL-3 upon IgE(-Ag) stimulation and

subsequent IL-3 signals are critical for the induction of Bcl-xL/Bcl-2 and survival

in mast cells.
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Materials and Methods
Mice

C57BL/6 mice were purchased from SLC (Hamamatsu, Japan). FcRy'/'
C57BL/6 mice were established as we have previously described '°.  Gab2™”
mice were provided by Dr. T. Hirano (Osaka Univ. and RIKEN) 2. Fyn” mice
were provided by Dr. T. Yagi (Osaka Univ.) through the courtesy of Dr. S. Yuasa
(Chiba Univ.) 2'. Lyn” mice were provided by Dr. T. Yamamoto (Univ. of Tokyo) %2,
These three mice were C57BL/6 x 129 mixed background. PI3K p85a" C57BL/6
mice were provided by Dr. S. Koyasu (Keio Univ.) 2. Syk” BALB/c mice 2* were
obtained through the courtesy of Dr. H. Yamamura (Kobe Univ.). IL-3-deficient
mice were generated by gene targeting in embryonic stem cells which introduced
a frameshift mutation into exon 1 of the IL-3 gene and replaced part of exon 3 with
a PGK-neo cassette (V. Tybulewicz and P. Mee, unpublished data). Mice bearing

the disrupted IL-3 gene were backcrossed to BALB/c for 10 generations, and

intercrossed to generate IL-37 BALB/c mice.
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Mast cell preparation
Bone marrow (BM) cells or fetal liver (FL) cells of each mouse were cultured in
the presence of 30 ng/ml of IL-3 "2, Four weeks after induction, >95% of cells

were c-kit* and FceRI* except for cells from FcRy” mice.

Construct

cDNA for wild-type and dominant negative forms of Akt (WT, T308/473A and
K179D) were kindly provided by Dr. W. Ogawa (Kobe Univ.). Wild-type,
constitutively active (CA; H299R, S711F) 2° STAT5a cDNA were provided by Dr.
H. Wakao (Riken). Bcl-xL cDNA was provided by Dr. K. Eshima (Kitasato Univ.).
Each fragment was subcloned into pMX-puro or pMX-IRES-GFP (Dr. T. Kitamura,
Univ. of Tokyo). Retroviral-mediated gene transfer to BM cells and mature

BMMCs were performed as previously described ™2,

Antibodies

Anti-mouse IL-2R (PC61) and anti-mouse IL-4 (11B11) Abs were purchased
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from BD Bioscience Pharmingen (San Diego, CA). Anti-mouse IL-3 polyclonal
Ab was obtained from R&D Systems (Minneapolis, MN). Anti-Akt polyclonal Ab
and anti-Erk Ab were from Cell Signaling Technology (Beverly, MA) and Promega
(Madison, WI), respectively. Anti-dinitrophenyl (DNP) mouse IgE mAb (DNP
H1-6-26)% provided by Dr. F-T Liu was used in all assays unless otherwise
discribed. Anti-TNP mouse IgE mAb, C38-2 and C48-2, were purchased from BD
Bioscience (San Jose, CA). Each IgE was ultracentrifugated at 100,000 x g for
10 min to exclude aggregates just before use for assays. The IL-3 ELISA kit was

from BD Bioscience Pharmingen.

Survival assays

Survival assays of BMMCs were performed as described previously 2. Briefly,
4 x 10° mast cells were cultured in 400 (1| of IL-3-free medium in the presence or
absence of 1 ug/ml of IgE (DNP H1-¢-26) on flat-bottom 48 well plates (FALCON,
Lincoln Park, NJ). Atindicated days, cells were stained with propidium iodide (P1)

and live cells (Pl-negative cells) counted by FACScalibur (BD Bioscience, San
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Jose, CA).

RT-PCR

Total RNA was isolated from BMMCs and reverse transcribed using the
SuperScript first-strand synthesis system (Invitrogen, Carlsbad, CA). Real time
RT-PCR was performed as previously described . Primers were as follows;
Bcl-xL, (+)5’- AAT GAA CTC TTT CGG GAT GG-3’; (-)5- CAG CCG CCG TTC
TCC TGG AT-3’; Bcl-2, (+)5’- CCG GGA GAA CAG GGT ATG AT-3’; (-)5’- GCA
CAG CGG GCATTG GGT TG-3’; IL-3, (+)5’- ATAGGG AAG CTC CCAGAACCT
GAA CTC-3’; (-)5-AGA CCC CTG GCA GCG CAG AGT CAT TC-3’; HDC,
(+)5’-AGT CTG GCG AGA AGG GAA GG-3’; (-)5’- TCT GGG CAC TCA TAG
GCA CA-3’; GAPDH, (+)5-GCC GGT GCT GAG TAT GTC GT-3’; (-)5’- AGATGA

TGACCC GTT TGG CT-3..

10
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Results
FceRl signaling pathway required for the IgE(-Ag)-induced survival

To examine if FceRI signaling pathways differ between IgE(+Ag) and IgE(-Ag)
stimulation, we analyzed BMMCs lacking a series of signaling molecules which
are known to be involved in IgE(+Ag)-induced degranulation. We have recently
reported that the ITAM within FcRy is essential for IgE(-Ag)-induced survival as
well as IgE(+Ag)-dependent responses’'. ITAMs within the B and y chains of the
FceRI receptor complex were known to be phosphorylated by Lyn upon IgE(+AQ)

stimulation and provide binding sites for Syk*’

. Lyn and Syk are recently shown
as essential kinases for IgE (DNP-H1-g-26)-induced mast cell survival in the
absence of Ag?®. We also confirmed that IgE did not induce survival in mast cells
lacking Lyn and Syk throughout six days after IL-3 depletion (Fig. 1A, 1B).
Recently, Parravicini et al. showed that Fyn positively controls the
phosphorylation and function of Gab2 4 which is required for FceRl signaling by
IgE(+Ag) '°. Since Gab2 is associated with PI3K upon phosphorylation '°, it is

possible that the Fyn-Gab2 pathway may contribute to the IgE(-Ag) induced

survival through PI3K-Akt activation. However, as shown in Fig. 1C and 1D, mast

11
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cell survival was not impaired by the lack of Fyn or Gab2.
Next, we investigated the involvement of the PI3K-Akt pathway since this is
involved in cell survival in various systems. p85a is a major PI3K expressed in

" mast cells %°.

mast cells, and classla PI3K activity is almost abrogated in p85a
Although it is known that stem cell factor (SCF)-induced survival is impaired in
p850” BMMCs 2%, IgE-mediated mast cell survival was not altered (Fig. 1E).
Since non-class Ia PI3Ks might be involved in this process, the contribution of Akt
as their downstream molecule was further investigated by introducing dominant
negative forms of Akt (AA and KD)*' into differentiated BMMCs by retroviral
infection.  Although mutant Akts were expressed at a several-fold excess
compared to endogenous protein (Fig. 1F, left panel), all these transfected cells
showed similar levels of survival in response to IgE (Fig. 1F). It should be noted
both dominant negative forms of Akt suppressed IL-2 production induced by
IgE(+Ag)(data not shown), consistent with previous report ®. These results

indicate that Fyn, Gab2, PI3K and Akt are not essential for IgE(-Ag)-induced mast

cell survival.

12



Kohno et al. Autocrine IL-3 supports IgE-mediated BMMC survival

IgE(-Ag)-mediated survival is mediated by soluble factor(s)

Next we examined whether IgE(-Ag)-induced survival operates through a
direct intracellular signal through FceRI or is mediated by secreted soluble
factor(s). Fig. 2A shows that FcRy'/' BMMC did not survive upon IgE(-Ag)
stimulation as we have previously described ''. However, when we added
supernatant from IgE-treated FcRy”* BMMCs to FcRy” BMMCs, significant
survival was observed compared to cells given non-treated supernatant (Fig. 2B).

We then reconstituted FcRy'/' BMMCs with a retrovirus vector encoding
FcRy-IRES-GFP. After infection, we stimulated the mixed bulk population cells
with IgE in the absence of IL-3 and traced the viability of GFP™ (FcRy”) and GFP*
(FcRy") cells. If IgE transmits the survival signal directly into FceRl-bearing cells,
GFP" cells should not survive. However, both GFP™ and GFP™ cells exhibited
comparable survival (Fig. 2C), indicating that survival was mediated indirectly by
a factor derived from IgE-bound cells, as recently suggested ®28. To test whether

these factor(s) require cell-cell contact to induce survival, a transwell assay was

13
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performed. BMMCs were cultured in a transwell plate divided into upper and
lower chambers by a permeable membrane. IgE was added in the lower
chambers and the survival of cells in upper chambers was analyzed as indicated
in Fig. 2D. IgE-treated FCRV+/+ BMMC clearly supported survival of FcRy'/'
BMMCs through permeable membrane (Fig. 2D, left panel), indicating that some

kinds of soluble factor(s) cause BMMC survival in the absence of cell-cell contact.

Anti-IL-3 blocked IgE(-Ag)-induced mast cell survival

To investigate the soluble factor(s) responsible for mast cell survival induced
by IgE, blocking antibodies against various cytokines were added during the
survival assay. Although the addition of anti-IL-2Ro and anti-IL-4 showed no
inhibition, anti-IL-3 exhibited significant inhibition of IgE-induced survival in a
dose dependent manner (Fig. 3A). This inhibition was not due to any direct
cytotoxic effect since anti-IL-3 did not affect IL-4-induced survival (data not
shown). The inhibitory effect of anti-IL-3 was observed throughout the culture

periods (Fig. 3B).

14
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IL-3 is preferentially produced upon IgE(-Ag) stimulation

Although there is a report that a low level of IL-3 mRNA is induced after
IgE(+Ag) stimulation %3, whether IgE(-Ag) also induces substantial levels of IL-3
has not been known. In our assay, IgE(+Ag) induced limited amounts of IL-3,
whereas IgE(-Ag) induced substantial amounts of IL-3 (Fig. 3C) sufficient to
support BMMC survival alone (Fig. 3D). Although large amounts of IL-6 and TNF
were also induced by IgE, as previously reported ©, neither of these were
sufficient to support mast cell survival (data not shown). The IL-3 production
seemed mainly to be regulated at the transcriptional level since IL-3 mRNA was
also rapidly induced and reached a peak level as early as 1h after IgE(-AQ)
stimulation (Fig. 3E). These kinetics are consistent with the previous report

showing that a 4h exposure to IgE is sufficient for enhancing survival °.

IgE-induced survival is impaired in the absence of IL-3

To directly assess the role of endogenous IL-3 in mast cell survival, IL-37

15
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BMMCs were examined. IgE-induced survival was severely impaired in IL-37
BMMCs, although exogenous IL-3 supported survival (Fig. 4A). The expression
levels of surface FceRI and secretion of B-hexosaminidase by IgE(+Ag) was not
reduced in IL-3” BMMCs (data not shown), as previously reported 4. We next

examined the roles of the IL-4 and IL-9, which can act as potent mast cell growth

35,36 37,38

factors in vitro and in vivo . Because the receptors for these cytokines
utilize a common y chain (y;), we analyzed BMMCs lacking Jak3, an essential
PTK associated with the y. chain. We have previously established Jak3” mice
and reported the failure of cytokines that utilize y., including IL-4 and IL-9, to
function in these mice '®%¢. As shown in Fig. 4B, although exogenous IL-4 failed
to induce mast cell survival in Jak3” BMMCs, IgE induced normal survival
comparable to littermate control. These results indicated that IL-3 but not “y
cytokines” such as IL-2, 4, 7, 9, 15 and 21, is responsible for the IgE-induced
survival. We also examined another IgE clones, C38-2 and C48-2, which are

reported as poor cytokine inducers %. Survival was significantly induced, albeit

weak, by these IgE clones, and was impaired in IL-3” BMMCs (Fig. 4C).

16
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IgE-induced upregulation of Bcl-xL and Bcl-2 was abrogated in IL-37
BMMCs

IgE stimulation alone maintains the level of anti-apoptotic protein Bcl-xL after
IL-3 withdrawal ® and we also confirmed this in WT BMMCs (Fig. 5A, lane 1-3).
However, IgE did not induce Bcl-xL expression in IL-3" BMMCs (Fig. 5A, lane 5),
although exogenous IL-3 did this normally (Fig. 5A, lane 6). We observed that
IgE also upregulated mRNA for Bcl family including Bcl-xL and Bcl-2 in WT
BMMCs but not in IL-3” BMMCs (Fig. 5B). These results indicated that the
upregulation of Bcl family by IgE is mediated through IL-3.

Introduction of Bcl-xL into IL-3" BMMCs in a form of IRES-GFP expression
vector conferred survival only in a bicistronic GFP* cells, suggesting that Bcl-xL
has the potential to induce mast cell survival (Fig. 5C). Consistent with this,
STAT5, a known downstream component of the IL-3R signaling pathway, can

39-41

activate Bcl-xL transcription . We found that the expression of constitutively

active (CA) but not wild-type (WT) STAT5a induced mast cell survival only in

17
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GFP™ cells (Fig. 5D). We have previously shown that introduction of sustained

Erk activation by active MEK is sufficient for the survival 2

. However, survival
induction by active MEK was observed not only in bicistronic GFP* (active MEK?)
cells but also in GFP" (active MEK") cells (Fig. 5E), indicating that Erk activation is
required for the secretion of IL-3 but not for the signaling downstream of IL-3R.
These results are highly suggestive of an upregulation of the Bcl-xL/Bcl-2 by IgE,

mediated through autocrine IL-3 and IL-3R signaling rather than through a direct

intracellular signal from FceRl.

IgE(-Ag) also induces IL-3-independent pathway

Histidine decarboxylase (HDC), an enzyme for histamine synthesis, is also
reported to be induced by IgE alone *2. We asked whether the induction of HDC
is also mediated through autocline IL-3 similarly to Bcl-xL/Bcl-2 and survival. We
found that the HDC mRNA was induced normally in IL-3" BMMCs (Fig. 5F),
indicating that HDC induction does not require IL-3, in clear contrast to

Bcl-xL/Bcl-2 induction and survival.

18
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Discussion

In the present study, the molecular mechanism of IgE-induced mast cell
survival was investigated using gene-targeted mice.

By analogy with the response to IgE(+Ag) *%, IgE(-Ag)-induced survival also
requires FcRy-ITAM " and Syk %. Lyn is also essential for the IgE-induced
survival despite the observation that Lyn” BMMCs show normal or increased
responses to IgE(+Ag) 3"***. This has been interpreted to indicate that other Src
family PTKs such as Fyn can compensate Lyn function by phosphorylating ITAM
upon IgE(+Ag) stimulation *_ The reason for the differential requirement of Lynin
response to IgE(-Ag) and IgE(+AqQ) is unclear. Recent reports suggested that IgE
may cause crosslinking of FceRI even in the absence of Ag '*?. One possible
explanation is that “weak” crosslinking of FceRIl by IgE may be insufficient to
enable Fyn to phosphorylate FCRy-ITAM instead of Lyn. This is consistent with
the recent report that SPE-7, an IgE mAb that induces strong aggregation of
FceRl, could induce partial survival even in the absence of Lyn 8.

Fyn is reported to phosphorylate Gab2 ', which is essential for the FceRl

19
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signaling by IgE(+Ag) through the recruitment of PI3K . Activation of PI3K is
known to be involved in cell survival via recruitment and activation of Akt in
various cells '. However, our data demonstrated that Fyn, Gab2, PI3K p85¢. and
Akt were dispensable for IgE-induced survival.

We confirmed that survival is mediated mainly by a secreted soluble factor
rather than direct intracellular signaling from FceRI as recently suggested ®22,
Kalesnikoff et al. reported that a mixture of possible cytokines including IL-2, IL-3,
IL-4, IL-6, IL-13 and TNFa could partially induce mast cell survival ®. However,
among candidate factors, y. cytokines including IL-4 or IL-9 were dispensable
because Jak3” BMMC exhibited normal survival in response to IgE (Fig. 4B). We
found IL-3 to be secreted immediately after IgE treatment and that it supports
survival of BMMCs.

Since the effect of IgE(-Ag) has recently been reported to be largely
dependent on the individual clone of IgE, in addition to three IgE clones described

here, we also examined the survival effect of SPE-7 which is reported to induce

strong FceRI aggregation and mast cell activation 2. Survival promotion in the

20
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presence of SPE-7 was also impaired in IL-3" mice (unpublished data),
suggesting that the role of IL-3 in IgE(-Ag)-induced survival is not limited to
particular IgE mAbDs.

IgE(-Ag) is reported to induce sustained Erk activation ©. We have recently
reported, using a CD8/FcRy chimera, that weak but sustained Erk activation
favors survival 2. Subsequently, we have found that a large amount of IL-3 is
secreted under the condition inducing survival in this system (unpublished data).
In T cells, prolonged Erk activation is suggested to be critical for IL-2 production
through c-Rel activation 6, Similarly, sustained Erk signaling may be transmitted
to intensive IL-3 transcription in IgE(-Ag)-mediated survival of mast cells. Indeed,
sustained Erk activation by active MEK induced enhancement of BMMC survival
in a soluble factor-dependent manner. In addition, MEK inhibitor, PD098059,
suppressed IgE-induced transcription of IL-3 and Bcl-xL but not IL-3-mediated
Bcl-xL transcription (unpublished data).

IgE(-Ag) stimulation maintains Bcl-xL protein expression ®. We found that

IgE(-Ag) induces Bcl-xL expression through an indirect autocrine IL-3 pathway

21
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rather than through direct intracellular downstream signaling of FceRl.

In the downstream signaling pathway of the IL-3R, inactivation of Bad and
transcription of Bcl-xL are regulated by Akt and STAT5, respectively *478 We
found Akt activity is not required for IgE(-Ag)-induced survival. In addition,
IL-3-induced mast cell survival as well as Bcl-xL/Bcl-2 expression was severely

4 Consistent with this, Bcl-xL or

impaired in STAT5a/b-deficient mice
constitutively active STAT5a is sufficient for the induction of mast cell survival.
Thus, it is highly conceivable that IgE(-Ag) induces IL-3 production, which leads
to upregulation of Bcl-xL through STAT5 activation.

Recently, it has been shown that IgE also triggers HDC induction, which is
required for subsequent histamine release upon Ag crosslinking. In contrast to
survival, we found that HDC upregulation does not require IL-3, although precise
signaling pathway remains to be clarified. Taken from these results together with
our previous report ', IgE-induced mast cell responses appear to involve more

than one signaling pathway. Upregulation of FceRI expression following IgE

stimulation is independent of FcRy-ITAM, whereas other responses such as

22
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survival and cytokine production are totally dependent on the ITAM .

FcRy-ITAM-dependent responses could be further dissected into IL-3-mediated
responses such as survival, and IL-3-independent one including HDC induction.
Therefore, we suggest that IgE-mediated resonses are controlled by multiple
mechanisms. Although the present data demonstrate the importance of IL-3 in
IgE-induced survival, the contribution of other cytokine(s) cannot be excluded,
since slight enhancement of survival was still observed in IL-3" BMMCs (Fig.
4A).

IgE-induced mast cell survival has not been clearly verified in vivo ®. The

/

normal number of mucosal mast cells found in FceRla” mice indicates that this

%0 However,

mechanism is not essential for normal mast cell homeostasis
Kitaura et al. recently reported that implantation of IgE-producing hybridoma cells
in the mouse peritoneal cavity showed slightly increased survival of mucosal

mast cells 2.

Furthermore, recent works revealed that IgE(-Ag) plays a
significant role in immune responses in vivo, possibly through

chemokine/cytokine production from mast cells ®'. In addition, since infection of

23
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helminths or nematodes is also known to induce mastocytosis 2, the response to
parasite infection may reflect more physiological function of IgE-mediated mast
cell survival. On the other hand, parasite infection often promotes a rapid
increase of non-specific IgE in addition to parasite-specific IgE *°. It is possible,
therefore, that such IgE may induce mast cell survival in the absence of Ag in
specific tissues. Although the role of IgE in parasite-induced mastocytosis is

controversial *°°

, splenic mastocytosis induced by primary infection of
Trichinella spiralis is greatly impaired in IgE'/' mice *’. Furthermore, Lantz et al.
reported that mucosal mastocytosis is impaired in IL-3"  mice during
Stronglyoides venezuelensis infection **. Together, these observations imply that
IgE-induced autocrine production of IL-3 from mast cells may support
mastocytosis by parasite infection, although its importance may differ depending
on the type of parasite *°.

In humans, the presence of large amounts of total IgE contributes to the

exacerbation of atopic diseases 8, possibly by promoting mast cell survival even

in the absence of allergen. The in vivo significance of IgE(-AQ)-induced mast cell
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survival and the contribution of autocrine growth factors to this situation in

humans is now under investigation.

Present analyses suggest that IL-3 may become a possible target for the

development of new treatments for allergic diseases, provided that further

evidence for its significance in these diseases is clarified.

25



Kohno et al. Autocrine IL-3 supports IgE-mediated BMMC survival

Acknowledgment

We would like to thank Dr. F-T. Liu for providing DNP H1-e-26. We would like

to thank Drs. T. Hirano, S. Horikawa, S. Koyasu, K. Nishida, K. Sada, E.

Schweighoffer, T. Yamamoto, H. Yamamura, K. Yanagi, and S. Yuasa, for

providing mice. We thank Dr. E. Schweighoffer for excellent technical help. We

also thank Drs. K. Eshima, D. Sakurai and K. Funayama for discussion; Ms. E.

Ishikawa and M. Sakuma for technical help and Ms. H. Yamaguchi for secretarial

help.

26



Kohno et al. Autocrine IL-3 supports IgE-mediated BMMC survival

References

1. Turner H, Kinet JP. Signalling through the high-affinity IgE receptor Fc
epsilonRIl. Nature. 1999;402:B24-30.

2. Conroy MC, Adkinson NF, Jr., lichtenstein LM. Measurement of IgE on
human basophils: relation to serum IgE and anti-lIgE-induced histamine release. J
Immunol. 1977;118:1317-1321.

3. Stallman PJ, Aalberse RC, Bruhl PC, van Elven EH. Experiments on the
passive sensitization of human basophils, using quantitative
immunofluorescence microscopy. Int Arch Allergy Appl Immunol.
1977;54:364-373.

4, Yamaguchi M, Lantz CS, Oettgen HC, et al. IgE enhances mouse mast
cell Fc(epsilon)RI expression in vitro and in vivo: evidence for a novel
amplification mechanism in IgE-dependent reactions. J Exp Med.
1997;185:663-672.

5. Asai K, Kitaura J, Kawakami Y, et al. Regulation of mast cell survival by
IgE. Immunity. 2001;14:791-800.

6. Kalesnikoff J, Huber M, Lam V, et al. Monomeric IgE stimulates
signaling pathways in mast cells that lead to cytokine production and cell survival.
Immunity. 2001;14:801-811.

7. Furuichi K, Rivera J, Isersky C. The receptor for immunoglobulin E on

27



Kohno et al. Autocrine IL-3 supports IgE-mediated BMMC survival

rat basophilic leukemia cells: effect of ligand binding on receptor expression. Proc
Natl Acad Sci U S A. 1985;82:1522-1525.

8. Quarto R, Kinet JP, Metzger H. Coordinate synthesis and degradation of
the alpha-, beta- and gamma-subunits of the receptor for immunoglobulin E. Mol
Immunol. 1985;22:1045-1051.

9. Borkowski TA, Jouvin MH, Lin SY, Kinet JP. Minimal requirements for
IgE-mediated regulation of surface Fc epsilon RI. J Immunol.
2001;167:1290-1296.

10. Kubo S, Matsuoka K, Taya C, et al. Drastic up-regulation of Fcepsilonri
on mast cells is induced by IgE binding through stabilization and accumulation of
Fcepsilonri on the cell surface. J Immunol. 2001;167:3427-3434.

11. Sakurai D, Yamasaki S, Arase K, et al. FcepsilonRlgamma-ITAM Is
Differentially Required for Mast Cell Function In Vivo. J Immunol.
2004;172:2374-2381.

12. Yamasaki S, Ishikawa E, Kohno M, Saito T. The quantity and duration of
FcR{gamma} signals determine mast cell degranulation and survival. Blood.
2004;103:3093-3101.

13. Rivera J. Molecular adapters in Fc(epsilon)RI signaling and the allergic
response. Curr Opin Immunol. 2002;14:688-693.

14. Parravicini V, Gadina M, Kovarova M, et al. Fyn kinase initiates
complementary signals required for IgE-dependent mast cell degranulation. Nat

Immunol. 2002;3:741-748.

28



Kohno et al. Autocrine IL-3 supports IgE-mediated BMMC survival

15. Gu H, Saito K, Klaman LD, et al. Essential role for Gab2 in the allergic
response. Nature. 2001;412:186-190.

16. Nishida K, Yoshida Y, Itoh M, et al. Gab-family adapter proteins act
downstream of cytokine and growth factor receptors and T- and B-cell antigen
receptors. Blood. 1999;93:1809-1816.

17. Cantley LC. The phosphoinositide 3-kinase pathway. Science.
2002;296:1655-1657.

18. Kawakami T, Galli SJ. Regulation of mast-cell and basophil function and
survival by IgE. Nat Rev Immunol. 2002;2:773-786.

19. Park SY, Saijo K, Takahashi T, et al. Developmental defects of lymphoid
cells in Jak3 kinase-deficient mice. Immunity. 1995;3:771-782.

20. Nishida K, Wang L, Morii E, et al. Requirement of Gab2 for mast cell
development and KitL/c-Kit signaling. Blood. 2002;99:1866-1869.

21. Yagi T, Aizawa S, Tokunaga T, Shigetani Y, Takeda N, Ikawa Y. A role for
Fyn tyrosine kinase in the suckling behaviour of neonatal mice. Nature.
1993;366:742-745.

22. Nishizumi H, Taniuchi |, Yamanashi Y, et al. Impaired proliferation of
peripheral B cells and indication of autoimmune disease in lyn-deficient mice.
Immunity. 1995;3:549-560.

23. Suzuki H, Terauchi Y, Fujiwara M, et al. Xid-like immunodeficiency in
mice with disruption of the p85alpha subunit of phosphoinositide 3-kinase.

Science. 1999;283:390-392.

29



Kohno et al. Autocrine IL-3 supports IgE-mediated BMMC survival

24. Turner M, Mee PJ, Costello PS, et al. Perinatal lethality and blocked
B-cell development in mice lacking the tyrosine kinase Syk. Nature.
1995;378:298-302.

25. Onishi M, Nosaka T, Misawa K, et al. Identification and characterization
of a constitutively active STAT5 mutant that promotes cell proliferation. Mol Cell
Biol. 1998;18:3871-3879.

26. Liu FT, Bohn JW, Ferry EL, et al. Monoclonal dinitrophenyl-specific
murine IgE antibody: preparation, isolation, and characterization. J Immunol.
1980;124:2728-2737.

27. Daeron M. Fc receptor biology. Annu Rev Immunol. 1997;15:203-234.
28. Kitaura J, Song J, Tsai M, et al. Evidence that IgE molecules mediate a
spectrum of effects on mast cell survival and activation via aggregation of the
FcepsilonRI. Proc Natl Acad Sci U S A. 2003;100:12911-12916.

29. Lu-Kuo JM, Fruman DA, Joyal DM, Cantley LC, Katz HR. Impaired kit-
but not FcepsilonRI-initiated mast cell activation in the absence of
phosphoinositide 3-kinase p85alpha gene products. J Biol Chem.
2000;275:6022-6029.

30. Fukao T, Yamada T, Tanabe M, et al. Selective loss of gastrointestinal
mast cells and impaired immunity in PI3K-deficient mice. Nat Immunol.
2002;3:295-304.

31. Kawakami Y, Kitaura J, Satterthwaite AB, et al. Redundant and

opposing functions of two tyrosine kinases, Btk and Lyn, in mast cell activation. J

30



Kohno et al. Autocrine IL-3 supports IgE-mediated BMMC survival

Immunol. 2000;165:1210-1219.

32. Kitaura J, Asai K, Maeda-Yamamoto M, Kawakami Y, Kikkawa U,
Kawakami T. Akt-dependent cytokine production in mast cells. J Exp Med.
2000;192:729-740.

33. Plaut M, Pierce JH, Watson CJ, Hanley-Hyde J, Nordan RP, Paul WE.
Mast cell lines produce lymphokines in response to cross-linkage of Fc epsilon Rl
or to calcium ionophores. Nature. 1989;339:64-67.

34. Lantz CS, Boesiger J, Song CH, et al. Role for interleukin-3 in mast-cell
and basophil development and in immunity to parasites. Nature. 1998;392:90-93.
35. Hultner L, Druez C, Moeller J, et al. Mast cell growth-enhancing activity
(MEA) is structurally related and functionally identical to the novel mouse T cell
growth factor P40/TCGFIII (interleukin 9). Eur J Immunol. 1990;20:1413-1416.
36. Suzuki K, Nakajima H, Watanabe N, et al. Role of common cytokine
receptor gamma chain (gamma(c))- and Jak3-dependent signaling in the
proliferation and survival of murine mast cells. Blood. 2000;96:2172-2180.

37. Godfraind C, Louahed J, Faulkner H, et al. Intraepithelial infiltration by
mast cells with both connective tissue-type and mucosal-type characteristics in
gut, trachea, and kidneys of IL-9 transgenic mice. J Immunol.
1998;160:3989-3996.

38. Temann UA, Geba GP, Rankin JA, Flavell RA. Expression of interleukin
9 in the lungs of transgenic mice causes airway inflammation, mast cell

hyperplasia, and bronchial hyperresponsiveness. J Exp Med.

31



Kohno et al. Autocrine IL-3 supports IgE-mediated BMMC survival

1998;188:1307-1320.

39. Lord JD, Mcintosh BC, Greenberg PD, Nelson BH. The IL-2 receptor
promotes lymphocyte proliferation and induction of the c-myc, bcl-2, and bcl-x
genes through the trans-activation domain of Stat5. J Immunol.
2000;164:2533-2541.

40. Socolovsky M, Fallon AE, Wang S, Brugnara C, Lodish HF. Fetal
anemia and apoptosis of red cell progenitors in Stat5a-/-5b-/- mice: a direct role
for Stat5 in Bel-X(L) induction. Cell. 1999;98:181-191.

41. Gesbert F, Griffin JD. Bcr/Abl activates transcription of the Bcl-X gene
through STATS5. Blood. 2000;96:2269-2276.

42. Tanaka S, Takasu Y, Mikura S, Satoh N, Ichikawa A.
Antigen-independent induction of histamine synthesis by immunoglobulin E in
mouse bone marrow-derived mast cells. J Exp Med. 2002;196:229-235.

43. Costello PS, Turner M, Walters AE, et al. Critical role for the tyrosine
kinase Syk in signalling through the high affinity IgE receptor of mast cells.
Oncogene. 1996;13:2595-2605.

44. Nishizumi H, Yamamoto T. Impaired tyrosine phosphorylation and Ca2+
mobilization, but not degranulation, in lyn-deficient bone marrow-derived mast
cells. J Immunol. 1997;158:2350-2355.

45. Odom S, Gomez G, Kovarova M, et al. Negative Regulation of
Immunoglobulin E-dependent Allergic Responses by Lyn Kinase. J Exp Med.

2004;199:1491-1502.

32



Kohno et al. Autocrine IL-3 supports IgE-mediated BMMC survival

46. Koike T, Yamagishi H, Hatanaka Y, et al. A novel ERK-dependent
signaling process that regulates interleukin-2 expression in a late phase of T cell
activation. J Biol Chem. 2003;278:15685-15692.

47. Rosa Santos SC, Dumon S, Mayeux P, Gisselbrecht S, Gouilleux F.
Cooperation between STAT5 and phosphatidylinositol 3-kinase in the
IL-3-dependent survival of a bone marrow derived cell line. Oncogene.
2000;19:1164-1172.

48. Dumon S, Santos SC, Debierre-Grockiego F, et al. IL-3 dependent
regulation of Bcl-xL gene expression by STAT5 in a bone marrow derived cell line.
Oncogene. 1999;18:4191-4199.

49. Shelburne CP, McCoy ME, Piekorz R, et al. Stat5 expression is critical
for mast cell development and survival. Blood. 2003;102:1290-1297.

50. Dombrowicz D, Flamand V, Brigman KK, Koller BH, Kinet JP. Abolition
of anaphylaxis by targeted disruption of the high affinity immunoglobulin E
receptor alpha chain gene. Cell. 1993;75:969-976.

51. Bryce PJ, Miller ML, Miyajima I, Tsai M, Galli SJ, Oettgen HC. Immune
sensitization in the skin is enhanced by antigen-independent effects of IgE.
Immunity. 2004;20:381-392.

52. Nawa Y, Ishikawa N, Tsuchiya K, et al. Selective effector mechanisms
for the expulsion of intestinal helminths. Parasite Immunol. 1994;16:333-338.
53. Ehigiator HN, Stadnyk AW, Lee TD. Extract of Nippostrongylus

brasiliensis stimulates polyclonal type-2 immunoglobulin response by inducing

33



Kohno et al. Autocrine IL-3 supports IgE-mediated BMMC survival

De novo class switch. Infect Immun. 2000;68:4913-4922.

54. Perrudet-Badoux A, Binaghi RA, Boussac-Aron Y. Trichinella spiralis
infection in mice. Mechanism of the resistance in animals genetically selected for
high and low antibody production. Immunology. 1978;35:519-522.

55. Watanabe N, Katakura K, Kobayashi A, Okumura K, Ovary Z. Protective
immunity and eosinophilia in IgE-deficient SJA/9 mice infected with
Nippostrongylus brasiliensis and Trichinella spiralis. Proc Natl Acad Sci U S A.
1988;85:4460-4462.

56. Onah DN, Uchiyama F, Nagakui Y, Ono M, Takai T, Nawa Y. Mucosal
defense against gastrointestinal nematodes: responses of mucosal mast cells
and mouse mast cell protease 1 during primary strongyloides venezuelensis
infection in FcRgamma-knockout mice. Infect Immun. 2000;68:4968-4971.

57. Gurish MF, Bryce PJ, Tao H, et al. IgE enhances parasite clearance and
regulates mast cell responses in mice infected with Trichinella spiralis. J Immunol.
2004;172:1139-1145.

58. Przybilla B, Ring J, Volk M. [Total IgE levels in the serum in dermatologic

diseases]. Hautarzt. 1986;37:77-82.

34



>

viability (%)

Y

viability (%)

@)

viability (%)

Kohno et al. Autocrine IL-3 supports IgE-mediated BMMC survival

m

-
o
o

100 100 100

Lyn+;'+ Lyn'/' p850t+/+ p850£'/'
80 80 — 80 80
&
60 60 - 60 60
40 5
40 8 40 40
o - S
20t | o IgE 20 20 20
0 0 0 0
01 2 3 4 5 8 01 2 3 4 5 6 01 2 3 4 5 6 01 2 3 4 5 6

Days after IL-3 depletion Days after IL-3 depletion

100 100

Syk+/+ Syk'/— F
80 80
s § &
L S X
60 60 Blot: & < <
20 20 .
0 0
01 2 3 4 5 6 0 1 2 3 4 5 6
Days after IL-3 depletion
100 100 100
Fyn++ -+ G Mock
80 80f . 80
&
60 60| ~ 60
40 - E 40
) 40 S
>
20 20 Q 20
0 0 0
0 1 2 3 4 565 6 0 1 2 3 4 5 6 0 1 2 3 4 5 8
Days after IL-3 depletion
100 100 100 100
Gab2++ Akt.AA Akt.KD
80 80} — 80 80
>
80} 60 gso 60
. - i
40 40 T 40 40
=
20 20r1 20 20
0 0 0 0
01 2 3 4 5 6 0 1 2 3 4 5 6 01 2 3 4 5 86 0 1 2 3 4 5 6

Days after IL-3 depletion Days after IL-3 depletion

Figure 1. IgE-induced survival in BMMCs or FLMCs lacking Lyn, Syk, Fyn, Gab2 and PI3K
p85a. Mast cell survival assay. Mast cells were prepared from bone marrow cells of mice

deficient in A) Lyn, C) Fyn, D) Gab2 and E) PI3K p85a. and fetal liver cells from B) Syk” embryo

(E13.5). Mast cell survival was compared with that of cells from littermate wild-type control mice
that were prepared and cultured simultaneously as described in Materials and Methods.

F) Effect of dominant negative Akt on IgE-induced BMMC survival. BMMCs retrovirally
expressing dominant negative Akt (Akt.AA or KD) were blotted with anti-Akt and anti-Erk Abs as a
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were 6.4 and 3.9 fold higher than that of pMX-puro vector (Mock), respectively.

Data were means + SD for triplicated assays. Similar results were obtained from at least two

independent mice pairs. IgE concentration was 0 pg/ml (open circles), 1 ug/ml (closed circles)

and 10 pg/ml (open triangles).
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Figure 2. IgE-induced mast cell survival is mediated by soluble factor(s).

A) and B) Survival of FcRy'/' BMMC supplemented with supernatant of IgE(-Ag)-treated FcRy*”
BMMCs. BMMCs from FcRy*’+ and FcRy”' mice were cultured in the absence (A) and presence

(B) of 100% supernatant from IgE-treated (1 ug/ml, Sup(+)) or untreated (Sup(-)) WT BMMC for

12 h, and then tested in the survival assay.

C) IgE-induced survival of FceRI" BMMCs when co-cultured with FceRlI" BMMCs. BMMCs were
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infected with pMX-FcRy-IRES-GFP and the viability of the bulk population were analyzed for both
FceRI™ (GFP") and FceRI™ (GFP’) populations.
D) Co-culture of FcRy” and FcRy™* BMMCs in transwell chambers. Either FcRy” or WT (FcRy™")
BMMCs were cultured in upper and lower chambers with indicated combinations in the presence
(closed column) or absence (open column) of 1 ug/ml of IgE. The viability of cells in the upper
chamber was analyzed 4 days after IL-3 depletion.

Data are expressed as the mean + SD for triplicate assays. Similar results were obtained from

three independent experiments.
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Figure 3. IL-3 is crucial for IgE-induced mast cell survival.

A) Inhibition of IgE(-Ag)-induced survival by anti-IL-3. The survival assay was performed with 1

png/ml of IgE using WT BMMCs at day 3 of culture in the presence of graded amounts of anti-IL-3,

anti-IL-2R0 or anti-IL-4.

B) Inhibition of IgE(-Ag)-induced survival by anti-IL-3 throughout the culture periods. Survival
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assays were performed with 1 pg/ml of IgE for 4 days in the presence or absence of 1 pug/ml of
anti-IL-3 and 10 pg/ml of anti-IL-4 Abs.
C) The levels of IL-3 upon stimulation by IgE(-Ag) and IgE(+Ag). WT BMMCs were cultured with
1 ng/ml of IgE (IgE) or 10 ng/ml of DNP-HSA after sensitization with 10 ug/ml of IgE at 4°C for 1h
(IgE+Ag). At the times indicated, the concentration of IL-3 in the culture supernatants was
determined by high sensitivity ELISA.
D) BMMC survival by exogenous IL-3. WT BMMCs were cultured in the presence of graded
amount of recombinant IL-3 for 3 days.
E) Induction of IL-3 mRNA upon IgE(-Ag) stimulation. mRNA levels of IL-3 were determined by
realtime RT-PCR and expressed as fold induction over the value of IgE(+Ag) at 1h after
normalization with the values for GAPDH.

Data are expressed as means + SD for triplicate assays. Similar results were obtained from at

least three independent experiments.
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Figure 4. IL-3" BMMCs show impaired survival upon IgE stimulation

A) IgE-induced survival of IL-3” BMMCs. Survival of BMMCs from WT (IL-3"") and IL-3" mice

was assayed in the presence of 10 ng/ml of IL-3 or IgE (DNP-H1-¢-26)(ug/ml).

B) IgE(-Ag)-induced survival in Jak3” BMMC. WT (Jak3"*) and Jak3” BMMC were tested for

survival in the presence of IgE or 10 ng/ml of IL-4.
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C) Survival of IL-3-/- BMMCs induced by other IgE clones. Survival induced by 10 pg/ml of
anti-TNP IgE (C38-2) and anti-TNP IgE (C48-2) was assayed as described in (A).

Data are expressed as means =+ SD for triplicate assays. Similar results were obtained from

three independent pairs.
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Figure 5. IgE(-Ag)-induced expression of Bcl family are impaired in IL-3" BMMC

A) Expression of Bcl-xL protein upon IgE(-Ag) stimulation in IL-3*"* or IL-3” BMMCs. BMMCs
were cultured with IL-3-depleted medium alone (None), 1 pg/ml of IgE (IgE) or 10 ng/ml of IL-3
(IL-3) for 24h. Cell lysates were analyzed by Western blotting with anti-Bcl-xL (upper panel) and
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anti-Lyn (lower panel) Abs as a control.

B) Expression of Bcl-xL and Bcl-2 upon IgE(-Ag) stimulation in IL-3"* or IL-3" BMMCs. WT
BMMCs (open column) and IL-3" BMMCs (closed column) were cultured in the absence (None)
or presence of 1 ug/ml of IgE (IgE) for 2h. Relative mRNA levels of Bcl-xL and Bcl-2 were
determined by realtime RT-PCR and expressed as fold induction over untreated cells after
normalization with the values for GAPDH.

C) Bcl-xL expression is sufficient for inducing survival in IL-3” BMMCs. Mature IL-3 " BMMCs
were infected using pMX-IRES-GFP retroviral vector either alone (Mock) or together with Bcl-xL
(Bcl-xL) as described in Materials and Methods. 1 day after infection, cells were cultured in the
absence of IL-3 and cell viability analyzed for GFP positive (left panel) or GFP negative (right
panel) population at the indicated periods.

D) STATS5 activation is sufficient for inducing mast cell survival. Mature wild-type BMMCs were
infected with vector alone (Mock), wild-type STAT5a (WT), or constitutively active STAT5a
(STAT5a.CA). Cell viability was analyzed for GFP positive (left panel) or GFP negative (right
panel) population at indicated periods.

E) Indirect effect of active MEK on BMMC survival. Wild-type BMMCs were infected with vector
alone (Mock) or MEK.dSESE (active MEK). Cell viability was analyzed as described in (D).

F) Expression of HDC mRNA upon IgE(-Ag) stimulation in IL-3"" or IL-3” BMMCs. Each BMMCs

were cultured as described in B). Relative mRNA expression was determined as indicated in B).

43



	Abstract
	Introduction
	Mice
	Mast cell preparation
	Construct
	Antibodies
	Survival assays
	RT-PCR

	Results
	
	
	
	
	Fc?RI signaling pathway required for the IgE(-Ag)-induced survival
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	Anti-IL-3 blocked IgE(-Ag)-induced mast cell survival
	IL-3 is preferentially produced upon IgE(-Ag) stimulation
	IgE-induced survival is impaired in the absence of IL-3
	IgE(-Ag) also induces IL-3-independent pathway
	Discussion
	IgE-induced mast cell survival has not been clearly verified in vivo 18.  The normal number of mucosal mast cells found in Fc?RI?-/- mice indicates that this mechanism is not essential for normal mast cell homeostasis 50.  However, Kitaura et al. recently reported that implantation of IgE-producing hybridoma cells in the mouse peritoneal cavity showed slightly increased survival of mucosal mast cells 28.  Furthermore, recent works revealed that IgE(-Ag) plays a significant role in immune responses in vivo, possibly through chemokine/cytokine production from mast cells 51.  In addition, since infection of helminths or nematodes is also known to induce mastocytosis 52, the response to parasite infection may reflect more physiological function of IgE-mediated mast cell survival.  On the other hand, parasite infection often promotes a rapid increase of non-specific IgE in addition to parasite-specific IgE 53.  It is possible, therefore, that such IgE may induce mast cell survival in the absence of Ag in specific tissues.  Although the role of IgE in parasite-induced mastocytosis is controversial 54-56, splenic mastocytosis induced by primary infection of Trichinella spiralis is greatly impaired in IgE-/- mice 57.  Furthermore, Lantz et al. reported that mucosal mastocytosis is impaired in IL-3-/- mice during Stronglyoides venezuelensis infection 34.  Together, these observations imply that IgE-induced autocrine production of IL-3 from mast cells may support mastocytosis by parasite infection, although its importance may differ depending on the type of parasite 56.
	Present analyses suggest that IL-3 may become a possible target for the development of new treatments for allergic diseases, provided that further evidence for its significance in these diseases is clarified.

