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Mast cell activation through the high affinity IgE receptor (FceRlI) is a critical component of atopic inflammation. The cytokine
TGF-B1 has been shown to inhibit IgE-dependent mast cell activation, possibly serving to dampen mast cell-mediated inflam-
matory responses. We present proof that TGF-£1 inhibits mast cell FceRI expression through a reversible pathway that dimin-
ishes protein, but not mRNA, expression of the FceRI subunit proteins «, 3, and 7y. The stability of the expressed proteins and
the assembled cell surface complex was unaltered by TGF-£1 treatment. However, TGF-1 decreased the rate of FceRI 3-chain
synthesis, arguing that this inhibitory cytokine exerts its effects at the level of mRNA translation. TGF-f1 consistently diminished
FceRI expression on cultured human or mouse mast cells as well as freshly isolated peritoneal mast cells. The related cytokines,
TGF-B2 and TGF-3, had similar effects. We propose that TGF-f1 acts as a negative regulator of mast cell function, in part by
decreasing FceRI expression. The Journal of Immunology, 2005, 174: 5987-5993.

group of structurally related, highly conserved growth

factors that includes TGF-B1, TGF-B2, TGF-3, activins,
and bone morphogenetic proteins. TGF-£1, the prototypic family
member, is synthesized as a precursor polypeptide and secreted in
a latent form by most tissues and cell types. The biologically active
protein is a disulfide-linked homodimer (1). Signaling by TGF-f3
family members occurs through interaction with serine/threonine
kinase receptors termed type I and type II that, when activated,
phosphorylate Smad proteins. Smads form complexes and trans-
locate to the nucleus, where they regulate transcription of target
genes together with other cofactors (reviewed in Refs. 2 and 3).
TGF-B family members have stimulatory or inhibitory effects in
regulating a wide variety of cellular functions, including apoptosis,
differentiation, and proliferation. A vast number of studies have
implicated TGF-f3 proteins in several different physiological pro-
cesses, including inflammation, fibrosis, and angiogenesis. Impor-
tantly, TGF-f proteins have been linked to autoimmune disease,
atherosclerosis, fibrotic disease, and cancer in humans (4, 5). A
number of studies showing the inhibitory effects of TGF-£1 on
immune cell function (reviewed in Ref. 5) support the role of
TGF-B1 as a suppressor of immunity and inflammation. Under-
scoring the importance of TGF-mediated immunosuppression is
the observation that TGF-f1-null mice develop severe inflamma-
tion, wasting syndrome, and organ failure, leading to death by 3
wk of age (6, 7).

r I \ he extensively studied TGF-B superfamily is a large
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Mast cell activation by cross-linking of the heterotetrameric
high affinity receptor for IgE (FceRI) results in the release of pre-
formed vasoactive amines and de novo synthesized cytokines, che-
mokines, and PGs (8). FceRI is composed of a ligand-binding
a-chain, a signal-augmenting B-chain, and a signal-transducing
v-chain dimer. The FceRI B and vy subunits contain ITAMs that,
upon receptor aggregation, bind Src homology domain 2-contain-
ing signaling molecules to promote a signaling cascade causing
mediator release (8). Mast cells are responsible for immediate hy-
persensitivity responses. Their widespread distribution in the skin
and respiratory tract suggests a role as for these cells as a first-line
defense against invading pathogens. However, unregulated activa-
tion can result in deleterious effects. In fact, mast cells are often
associated with human allergic disease and are implicated in
mouse models of the autoimmune diseases multiple sclerosis and,
recently, rheumatoid arthritis (9, 10).

Given the role of mast cells in allergic and inflammatory disease
and the inhibitory effect of TGF-B on immune cells, the possibility
exists that TGF-f is a paracrine or autocrine inhibitor of mast cell
function. It has been shown in separate studies that TGF-£1 in-
hibited IL-3-dependent proliferation of mouse peritoneal mast
cells and bone marrow-derived mast cells (BMMCs)> (11, 12). In
addition, TGF-1 inhibited the rescue of BMMCs from IL-3 dep-
rivation-induced apoptosis by stem cell factor (SCF) (13). Inhib-
itory effects of TGF-B1 on mast cell effector functions have also
been documented. Bissonette et al. (14) showed that Ag-induced
histamine and TNF-a production from rat peritoneal mast cells
were inhibited by TGF-B1, whereas Meade et al. (15) showed that
in vivo treatment with TGF-B1 inhibited an IgE-mediated, mast
cell-dependent, immediate hypersensitivity response in mice. De-
spite these studies supporting the idea that TGF-B1 inhibits mast
cell function, contradicting evidence exists about the ability of
TGF-p1 to directly inhibit mast cell degranulation. This includes a
report by Kim and Lee (16) that TGF-£31 potentiates the IgE-de-
pendent anaphylaxis reaction. Moreover, these studies have not
revealed the mechanism of action by which TGF-f acts on mast
cells. This study was undertaken to assess a direct effect of

3 Abbreviations used in this paper: BMMC, bone marrow-derived mast cell; cRPMI,
complete RPMI 1640 medium; RPA, RNase protection assay; SCF, stem cell factor.
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TGF-B1 on mast cell IgE receptor expression as a means of damp-
ening mast cell effector responses.

Materials and Methods

Cytokines and reagents

DNP-conjugated human serum albumin and cycloheximide were pur-
chased from Sigma-Aldrich. Murine IL-3, SCF, and TGF-B1 were pur-
chased from R&D Systems. 2.4G2 (rat anti-mouse FcyRII/RIII), mouse
IgE, and FITC-conjugated rat anti-mouse kit were purchased from BD
Pharmingen. FITC-conjugated rat anti-mouse IgE was purchased from
Southern Biotechnology Associates. The anti-human FceRI-a mAb, 3B4,
was a gift from G. Mackay (University of Melbourne, Melbourne, Aus-
tralia). Nonspecific human IgG (clone MOPC) was obtained from
Sigma-Aldrich.

Mast cell cultures

BMMC were derived from C57BL/6 or BL6 X 129 mice by culture of
bone marrow cells in complete RPMI 1640 medium (cRPMI), supple-
mented with 25% WEHI-3 cell-conditioned medium or with IL-3 and SCF
(30 ng/ml each). After 3—4 wk in culture, >95% of these cells were mast
cells, as judged by morphology and surface expression of FceRI and Kit
(data not shown). These cells were used within 3 mo of their maturation.
Peritoneal cells were harvested from euthanized animals by lavage of the
peritoneum using 5 ml of cRPMI injected into the peritoneal cavity. These
cells were cultured in cRPMI/IL-3 and SCF. Human umbilical cord blood-
derived mast cell populations were derived as described previously (17).

Tissue culture conditions and flow cytometry to measure
inhibition of FceRI expression

Cells were washed and replated at 3 X 10° cells/ml, 200 ul/well, in 96-
well, flat-bottom plates. IL-3 was added to 5 ng/ml, followed by the indi-
cated concentrations of TGF-B1 or mouse IgE. The use of SCF (30 ng/ml)
in some experiments did not alter the results. Cultures were incubated for
the indicated times. Every 4 days half the media and cytokines or IgE were
replaced. Mast cell surface Ag expression was assessed by flow cytometry
as described previously (18). The mean fluorescence intensity of IgE stain-
ing was used to determine the percent inhibition of FceRI expression
caused by the addition of TGF-BI.

Mast cell activation assays

To assess (-hexosaminidase release or cytokine secretion, BMMC were
cultured in IL-3 with or without TGF-B1 as described above, then activated
with mouse IgE (10 pg/ml, 45 min, 4°C) and the indicated concentrations
of DNP-BSA for 1 h (B-hexosaminidase release) or 9 h (cytokine secre-
tion). After activation, B-hexosaminidase release was measured as previ-
ously described (19). The percent B-hexosaminidase release was deter-
mined by dividing the amount of B-hexosaminidase in the supernatant by
the total amount detected in the supernatant and cell pellet. TNF-« or IL-6
secretion was measured by standard ELISA (R&D Systems).

RNase protection assay (RPA)

RPA assays were performed using the RiboQuant system (BD Pharmin-
gen) according to the manufacturer’s instructions. Pixel intensities of in-
dividual bands were obtained using a Typhoon PhosphorImager (Molecu-
lar Dynamics). The ratio of the pixel intensity for each band of interest to
the sum of the pixel intensities for the housekeeping genes (L32 and
GAPDH) in that lane were determined. Calculations of percent change in
expression relative to control conditions were determined by comparing
these ratios.

#3S labeling and Western blot analysis

FceRla, -B, and -y subunits as well as actin were detected by immuno-
precipitation and Western blotting as described previously (20). For im-
munoprecipitation of FceRla, lysates from 30 X 10° cells were incubated
with 50 ul of protein A-Sepharose conjugated to 25 g of rabbit anti-
mouse IgG (Jackson ImmunoResearch Laboratories) and 5 ug of anti-
FceRla (clone 5.14; gift from Z. Eshhar, Weizmann Institute, Rehovat,
Israel). Immunoprecipitates were analyzed by Western blotting with 1
ng/ml anti-FceRIa (clone TW; gift from B. Baird and D. Holowka, Cornell
University, Ithaca, NY). Although both the 5.14 and TW Ab clones are
specific for rat FceRI a-chain, they cross-react with mouse a-chain. Anti-
a-chain immunoprecipitates were subjected to electrophoresis without re-
ducing agents to prevent cross-reactivity of the detection Ab with the pre-
cipitating H chain. FceRIp and FceRIy were detected by Western blotting
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of total cell lysates using 1.2 wg/ml anti-FceRIS (clone JRK) or a 1/10,000
dilution of anti-yy-chain (clone 06-727; Upstate Cell Signaling Solutions).
For *S labeling, BMMC were incubated in cysteine- and methionine-free
RPMI 1640 with 5% FCS for 2.5 h, then pulsed for 20 min with 800
mCi/ml *>S-labeled cysteine and methionine. Lysates were sequentially
immunoprecipitated with anti-FceRI B and anti-actin. Immunoprecipitates
were resolved by gel electrophoresis and subjected to phosphorimaging.
The ratio of B-chain to actin bands was used to compare samples treated or
not treated with TGF-£1.

Results
TGF-B inhibits FceRI expression on mast cells

TGF-B1 has been shown to inhibit FceRI-dependent mast cell de-
granulation and TNF-« production (14), an effect confirmed in our
experiments. Mouse BMMC cultured for 3 days with or without
TGF-B1 were stimulated by IgE and Ag. TGF-S1 reduced S-hex-
osaminidase release 50—60% over a range of Ag concentrations
and decreased the IgE-mediated production of both TNF-a and
IL-6 (Fig. 1). This potent inhibition of IgE-mediated signaling led
us to question the effects of TGF-B1 on FceRI expression.
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FIGURE 1. TGF-B1 inhibits IgE-mediated mast cell degranulation and
the production of TNF-« and IL-6. BMMC were cultured with or without
TGF-B1 (5 ng/ml) for 3 days. Cells were then stimulated with IgE and
DNP-HSA. A, BMMC received the indicated concentration of DNP-HSA
for 60 min. 3-Hexosaminidase release was measured by enzymatic assay as
described in Materials and Methods. Data shown are the means of two
samples from one of two independent experiments that produced similar
results. B, BMMC were stimulated with 50 ng/ml DNP-HSA for 9 h. Cul-
ture supernatants were harvested, and cytokine concentrations were deter-
mined by ELISA. Data shown are the mean and SE of seven samples from
one of four independent experiments that gave similar results.
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We first determined the effect of TGF-B1 on mast cell FceRI
surface expression. BMMC were cultured in IL-3 with or without
TGF-B1 for 3 days, after which receptor expression was analyzed.
Flow cytometric analysis revealed that FceRI surface expression
was markedly reduced on BMMC cultured with TGF-S1 (Fig. 2A).
These results were consistent using 15 different BMMC popula-
tions derived from individual mice. The kinetics of TGF-1 effects
were measured in time-course and dose-response experiments. We
found that TGF-B1 decreased surface FceRI expression within the
first 24 h of culture, and that maximal inhibition (60%) occurred on
days 3—4 of culture (Fig. 2B). Importantly, the reduction in FceRI
expression was not due to decreased cell viability. TGF-B1 had no
effect on cell death, as judged by propidium iodide or trypan blue
staining (data not shown). The inhibitory effect of TGF-B1 showed
a concentration dependence, with 50% inhibition of FceRI expres-
sion occurring at ~2 ng/ml TGF-B1 (Fig. 2C). Lastly, the related
cytokines, TGF-£2 and TGF-f3, also decreased FceRI surface ex-
pression (Fig. 2D), indicating that this inhibitory effect was con-
sistent among TGF family members.

To determine whether the inhibitory effect of TGF-1 on FceRI
expression was restricted to BMMC, we tested other mast cell
populations. Peritoneal cells from C57BL6 mice were cultured for
3 days in IL-3 with or without TGF-S1. After loading FceRI with
IgE, peritoneal exudate cells were double-stained for Kit and IgE,
then analyzed by flow cytometry. As shown in Fig. 3A, IgE re-
ceptor staining intensity on peritoneal mast cells (IgE*Kit™) cul-
tured in IL-3 and TGF-B1 was reduced >70% compared with that
on cells cultured in IL-3 alone. These results indicated that the
effects of TGF-B1 also were apparent on mature mast cells devel-
oped in vivo. Human mast cells also decreased FceRI expression
in response to TGF-B1. As shown in Fig. 3B, human mast cells that
were derived from cord blood, then cultured for 3 days in SCF and
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TGF-B1 exhibited a nearly complete loss of FceRI expression
compared with cells maintained in SCF alone. These data indicate
that TGF-B1-mediated inhibition was not a consequence of in vitro
development conditions and is consistent in human and mouse
models.

Effect of TGF-B1 on occupied IgE receptors

It has been reported that monomeric IgE increases mast cell FceRI
expression (21-23), an effect that could be critical to IgE-elicited
inflammatory responses in atopic disease. To determine whether
TGF-B1 could alter the effects of monomeric IgE, we cultured
BMMC with or without IgE for 4 days to up-regulate FceRI ex-
pression, then added TGF-£1 for an additional 3 days. As shown
in Fig. 4, TGF-B1 reduced FceRI expression on cells that had
previously been cultured with IgE. However, the effects of
TGF-B1 appeared to be less potent when IgE was present, because
the decrease in FceRI surface expression averaged 31% compared
with 50-60% without IgE (Fig. 2). These data indicate that TGF-
B1-mediated down-regulation of FceRI can occur on occupied re-
ceptors, but to a lesser extent than on unoccupied receptors.

Effect of TGF-f3 on FceRI subunit mRNA and protein expression

To determine the mechanism by which TGF-B1 negatively regu-
lates expression of the IgE receptor, we assessed mRNA and pro-
tein levels of the FceRla, -, and -y subunits in BMMCs cultured
with IL-3 and SCF with or without TGF-£1. No significant dif-
ferences in mRNA expression were detected by RPA after culture
with or without TGF-gB1 for 6, 24, or 72 h (Fig. 5). In contrast,
TGF-B1 substantially decreased total «, 3, and vy protein expres-
sion, as shown by Western blotting (Fig. 6). Densitometric analysis
showed that the FceRIa subunit was decreased 34% (n = 2),
whereas the 3 and vy subunits were each inhibited nearly 70% (S,
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FIGURE 2. TGF-I inhibits mouse mast cell FceRI expression. A, BMMC were cultured for 3 days in IL-3 and SCF with or without TGF-f1, after
which FceRI surface expression was assessed by flow cytometry. Control staining was with FITC-anti-IgE staining in the absence of IgE. Data shown are
a representative histogram from one of 42 experiments using 15 BMMC populations. B, Time course of TGF-B1-mediated inhibition. BMMC were cultured
as described in A for the indicated times, after which surface FceRI expression was assessed by flow cytometry. Percent inhibition was determined by
comparing the mean fluorescence intensities of cells cultured in IL-3 with and without TGF-B1. Data shown are the mean and SE of 6—18 samples/point.
C, Concentration-dependent effects of TGF-1 on mouse FceRI expression. BMMC were cultured as described in A for 3 days. Percent inhibition of FceRI
expression was determined by comparing surface staining of cells cultured in IL-3 with that of cells cultured in IL-3 and TGF-B1. Data shown are the mean
and SE from six samples. D, BMMC were cultured for 3 days in IL-3 with or without TGF-B1, TGF-B2, or TGF-B3 (5 ng/ml each). The percent inhibition
of surface FceRI expression was determined as described in B, using six BMMC populations. When comparing the percent inhibition induced by each
stimulus, p > 0.05.
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FIGURE 3. TGF-g1 inhibits FceRI surface expression on mouse peri-
toneal mast cells and cultured human mast cells. A, Mouse peritoneal la-
vage cells were cultured in IL-3 and SCF with or without TGF-g1 for 3
days. Data shown are the average and SD of four separate populations,
showing the mean fluorescence intensity of FceRI staining on Kit-positive
cells (mast cells) in the presence or the absence of TGF-B1. B, Human mast
cells were cultured in SCF with or without TGF-$1 (15 ng/ml) for 3 days.
FceRI surface expression was determined by flow cytometry using anti-
FceRla or a control Ab. Results are representative of two different mast
cell cultures.

67.7 = 11.8% (n = 4); v, 70.6 = 14.2% (n = 3)). Collectively,
these data indicate that changes in FceRI transcription or mRNA
stability are not the mechanisms by which TGF-B1 decreases IgE
receptor expression. Instead, this inhibition appears to be accom-
plished through a post-transcriptional mechanism that leads to re-
duced expression of all three FceRI subunits, particularly the -
and vy-chains.

Because post-transcriptional regulation is often used as a means
of rapidly controlling expression, we measured the stability of
TGF-B1-mediated FceRI inhibition. In washout experiments, we
found that the effects of TGF-B1 were reversible over a 24- to 48-h
period. BMMC were cultured for 3 days in the presence of TGF-
B1, then washed extensively and replated in IL-3 and SCF with no
added TGF-B1. As shown in Fig. 7A, the effect of TGF-81 was
diminished within 24 h, and normal IgE receptor expression was
restored within 48 h of TGF-B1 removal. Thus, TGF-B1-mediated
inhibition of FceRI expression was maintained only when this cy-
tokine was present.

Because the inhibitory effect of TGF-f1 occurred post-tran-
scriptionally, it was possible that diminished FceRI expression was
mediated by degradation of the receptor subunits. To address this
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FIGURE 4. TGF-BI inhibits IgE-mediated up-regulation of FceRI sur-
face expression. BMMC were cultured for 4 days in the presence or the
absence of IgE (1 wg/ml). On day 4 of culture, cells were fed, and TGF-£1
(5 ng/ml) was added to one set of samples containing IgE for 3 days.
Surface FceRI expression was assessed by flow cytometry. Data shown are
one representative histogram from seven BMMC populations that gave
similar responses.

issue, we treated BMMC:s that had been cultured for 3 days in the
presence or the absence of TGF-B1 with the protein synthesis in-
hibitor cycloheximide and assessed surface FceRI expression by
flow cytometry as well as total FceRIB subunit expression by
Western blotting. The day 3 time point was chosen because it
demonstrated maximal effects of TGF-B1 that were maintained
through at least day 7 (Fig. 2B). As shown in Fig. 7, B and C,
cycloheximide treatment decreased the expression of surface
FceRI and total FceRIB subunit at rates that were not affected by
the presence of TGF-f1. These data indicated that TGF-1 inhibits
FceRI expression by a reversible post-transcriptional mechanism
that does not involve enhanced receptor endocytosis or protein
degradation.

One explanation for reduced FceRI expression in the absence of
altered endocytosis or degradation could be that TGF-B1 reduces
the rate of FceRI protein synthesis. We determined the effect of
TGF-B1 on the rate of FceRI B-chain synthesis. BMMC cultured
for 3 days in IL-3 and TGF-B1 before incubation with *>S-labeled
methionine and cysteine showed a significant reduction in FceRI
B-chain synthesis compared with cells cultured in IL-3 alone (Fig.
7D). Using actin production as a reference, TGF-f1-treated cells
showed a 60—75% reduction in FceRI B-chain protein production.
These data argue that TGF-1 controls expression of the mast cell
IgE receptor by inhibiting FceRI protein synthesis, leading to re-
duced surface expression and function.

Discussion

IgE-mediated mast cell activation is a central tenet in atopic dis-
eases such as allergic asthma. The incidence of these diseases has
risen dramatically in recent years, emphasizing the importance of
understanding and controlling mast cell function. Our efforts have
focused on mast cell homeostasis: the regulation of mast cell de-
velopment, function, and survival. Because mast cells provide crit-
ical resistance to bacterial and parasitic infections, but also can
elicit inflammatory cascades related to atopy, arthritis, multiple
sclerosis, and heart disease, this cellular homeostasis is paramount
in balancing health and disease.

Mast cells are responsive to many cytokines that can provide
homeostatic control. We have recently found that IL-4 and IL-10
exert such effects partly through control of FceRI expression. To
gain a complete view of how cytokines control mast cell activity,
we have sought other factors capable of similar regulatory func-
tion. Recently, Tridandapani et al. (24) demonstrated that TGF-£1
could inhibit FcR vy-chain expression on myeloid cells and mono-
cytes. Because this subunit is shared among several FcRs, includ-
ing FceRl, it appeared possible that TGF-B1 might regulate mast
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FIGURE 5. TGF-B1 does not affect FceRI mRNA expression. A,
BMMC were cultured in IL-3 plus vehicle or TGF-B1 (5 ng/ml) for the
indicated times. Down-regulation of surface FceRI expression was con-
firmed by flow cytometry on day 3 of culture (not shown). The expression
of FceRI subunits and control mRNAs was determined by RPA using total
RNA. B, RPA results were quantified by phosphorimaging, using .32 and
GAPDH housekeeping gene expression as loading controls. The expression
of each FceRI subunit mRNA relative to the sum of housekeeping gene
expression in each lane is shown. Data are the mean and SE of four sep-
arate samples.

cell FceRI expression. Furthermore, TGF-B1 diminishes IgE-me-
diated histamine release and TNF-a production in vitro (14) and
inhibits in vivo mast cell responses (15). TGF-B1 has also been
shown to inhibit IL-3-, IL-4-, and SCF-mediated signaling in mast
cells, decreasing survival and proliferation (11-13). In contrast,
TGF-B1 has been reported to elicit mast cell migration (25, 26).
Hence, like IL-4 and IL-10, TGF-B1 appears to have both positive
and negative effects on mast cell function. These effects might be
mediated by mast cells in an autocrine fashion, because mast cells
produce IL-4, IL-10, and TGF-B1. Furthermore, mast cell pro-
teases are reportedly capable of cleaving latent TGF-£1 (27, 28).
It is also interesting to note that polymorphisms in the TGF-£1
promoter region have been shown to segregate with asthmatic fam-
ilies that have elevated serum IgE (29). These data encouraged our
interest in TGF-B1 as a mediator of mast cell homeostasis.

We show in the current work that TGF-£1 inhibits mast cell
FceRI surface expression, with peak effects after 3 days of culture.
This inhibition was consistently found in cultured mouse mast
cells, freshly isolated peritoneal mouse mast cells, and cultured
human mast cells, making it unlikely that our data are related to
culture artifacts or species differences. The effects of TGF-£1 were
reproduced using the related cytokines TGF-B2 and TGF-f3,
which, like TGF-B1, signal through TGF-£ receptors I and II (1).
This inhibitory signaling was sensitive, occurring at a concentra-
tion of 1 ng/ml. Mast cells express >100,000 FceRI molecules/
cell, a fraction of which need to be aggregated to elicit signaling
(8). Therefore, it is interesting to note that TGF-f1 reduced surface
FceRI expression ~60%, leaving many more receptors than
needed for activation. Consistent with other studies, we found that
the reduction in FceRI expression correlated with significantly re-
duced IgE-mediated activation. Specifically, TGF-B1 inhibited
IgE-mediated mast cell degranulation and TNF-« production, as
shown by Bissonette et al. (14). We also found that production of
the inflammatory cytokine IL-6 was decreased. Furthermore, the
ability of monomeric IgE to increase FceRI expression was damp-
ened by TGF-S1, an effect that could be critical in patients with
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FIGURE 6. TGF-p1 inhibits the expression of FceRI subunit proteins.
BMMC were cultured in IL-3 and SCF with or without TGF-£1 for 3 days,
and down-regulation of surface FceRI expression was confirmed by flow
cytometry. A, Total protein from 30 million cells was immunoprecipitated with
anti-FceRla or control IgG. Immunoprecipitates were subjected to SDS-
PAGE and Western blotting with anti-FceRI. Data shown are representative of
two independent experiments. B, Total protein from ~1 million cells was
subjected to SDS-PAGE and Western blotting with anti-FceRIf or -y. The
same membranes were stripped and reprobed with anti-actin to demonstrate
protein loading. Data shown are representative of three to five independent
experiments.

chronically elevated serum IgE. Thus, the effects of TGF-81 were
consistent among distinct mast cell populations and were function-
ally relevant.

The timing of TGF-B1-mediated inhibitory effects was reminis-
cent of our previous work with IL-4 and IL-10, both of which
diminished FceRI expression after 3 days of culture (18, 20). We
have postulated that this delay in inhibitory signaling may frame
an inflammatory window during which mast cell responses elicit
inflammation to control infection. IL-4, IL-10, and TGF-B1 would
be produced during the T cell- and mast cell-mediated responses
that characterize inflammation elicited by IgE. It is intriguing that
these cytokines may initially offer survival or migration signals to
mast cells, but subsequently inhibit mast cell function and survival.
Both the timing and the effects of this cytokine-mediated response
fit a description of homeostasis.

The similarities among IL-4, IL-10, and TGF-£1 were partly
conserved in their mechanism of action. Like IL-4 and IL-10,
TGF-B1 inhibited FceRI expression without significantly altering
the expression of the mRNAs encoding the three FceRI subunits.
Instead, the protein expression of all three subunits was decreased
after TGF-B1 treatment and occurred without any notable change
in protein stability. Like the study by Tridandapani et al. (24), we
noted a decrease in FcR y-chain expression. We also noted a sim-
ilar decrease in FceRI B-chain expression. This is an interesting
point of regulation, because IL-4 and IL-10 also reduced FceRI 3
expression. As shown by several studies, FceRIf is a central reg-
ulator of FceRI expression and function, serving as an amplifier of
the IgE response (30-33). B-Chain targeting by these cytokines
emphasizes the importance of this subunit as a point of control in
IgE receptor function.
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FIGURE 7. The inhibitory effects of TGF-B1 on surface FceRI expres-
sion are reversible and do not enhance the rate of FceRI degradation. A,
BMMC were cultured for 3 days with or without TGF-S1. Half the TGF-
B1-stimulated cells were washed and replated in medium without TGF-£1
on day 3. Over the following 48 h, samples were assessed for surface FceRI
expression by flow cytometry. Percent inhibition of surface FceRI expres-
sion was determined using cultures never receiving TGF-1, as described
in Fig. 1. Data are the mean and SE (too small to be visualized) of eight
BMMC populations. B, BMMC were cultured for 3 days in IL-3 and SCF
with or without TGF-1. On day 3, cycloheximide (CHX) or DMSO was
added to the cultures for 2—-16 h. Using DMSO-treated cells as a control,
the CHX-mediated decrease in surface FceRI expression on cells cultured
with or without TGF-B1 was assessed by flow cytometry. Data shown are
the mean and SE of 12 samples. C, Cells were cultured and treated with
CHX or DMSO as described in B. Total cell lysates from 1 million cells
were subjected to SDS-PAGE and Western blotting to detect FceRI
B-chain expression. The percent decrease in expression obtained from three
experiments is shown below the respective bands. D, BMMC were cultured
in IL-3 with or without TGF-B1 for 3 days. Cells were starved of cysteine
and methionine (control), then incubated with 33S-labeled cysteine and
methionine for 20 min. FceRI B-chain and actin were sequentially immu-
noprecipitated and resolved by gel electrophoresis as described in Materi-
als and Methods.

The inhibition of FceRI expression by TGF-B1 may be mediated
at the level of protein synthesis. Thus, TGF-1-stimulated BMMC
synthesized FceRIf at a rate at least 60% slower than that in con-
trol cells. Our data provide a model in which TGF-£31 reduces IgE

TGF-B1 INHIBITS MAST CELL FceRI EXPRESSION

receptor expression by controlling the rate of translation without
altering mRNA expression or the stability of the proteins pro-
duced. This model is supported by a recent paper demonstrating
the phosphorylation of eukaryotic initiation factor 2ae by TGF-1
receptor (34), which could decrease the synthesis of some proteins.
Post-transcriptional control is typically used for flexible, rapid
changes in expression, consistent with the reversibility of the
TGF-B1 effects we observed. In fact, the effects of TGF-1 were
fairly transient, with a loss of inhibition 36—48 h after TGF-£1
was removed from the culture medium. Hence, the reversible na-
ture of the effects of TGF-S1 fits our theory of how this cytokine
alters IgE receptor expression.

These data support the theory that TGF-B1 produced by mast
cells or other cells involved in the inflammatory cascade provides
a delayed and reversible inhibition of IgE-mediated mast cell in-
flammatory function. The delay in its effects is postulated to allow
protective mast cell responses, which are dampened after 3 days to
avert chronic inflammation. These effects are exerted at the level of
protein production, creating a nimble homeostatic system to con-
trol the potent effector functions of mast cells.
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