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SUMMARY

An allergen-dependent in vitro model of immunoglobulin E (IgE) synthesis by human B cells is
reported. Using this model, it is demonstrated that polyclonal T cells and CD4+ Dermatophagoides
spp. (house dust mite)-specific T-cell clones derived from an atopic, house dust mite (HDM)-allergic
individual are able to support IgE synthesis by autologous B cells. The helper activity was interleukin-
4 (IL-4) dependent as only cloned T cells expressing detectable mRNA for IL-4 were able to induce
IgE synthesis without the addition of exogenous IL-4. Peripheral and cloned T cells reactive with
HDM could also be identified from a non-atopic individual but neither population was able to
support IgE production even in the presence of exogenous IL-4.

INTRODUCTION

Immunoglobulin E (IgE) is responsible for allergic sensitivity in
atopic individuals (Ishizaka, 1984). Although it is evident that
IgE synthesis is regulated in part by interleukin-4 (IL-4), which
in the mouse is secreted by a particular subset of helper T cells
(Howard & Paul, 1983; Coffman et al., 1986; Mosmann &
Coffman, 1987), basic differences between atopic and non-
atopic individuals in the regulation of IgE synthesis have not
been resolved. This has been hindered by the absence of suitable
allergen-dependent systems for in vitro IgE production by
autologous B cells (Leung & Geha, 1987). Much of the available
information has been derived from the analysis of pathological
variants associated with hyper-IgE production (Geha et al.,
1981; Buckley & Fiscus, 1975) or from the use of alloreactive
(Lanzavecchia & Parodi, 1984; Umetsu et al., 1985) and
autoreactive (Leung, Young & Geha, 1986) T-cell clones.
Furthermore, polyclonal B-cell activators have failed to induce
IgE synthesis in peripheral blood B cells of both non-atopic and
allergic donors, thereby failing to provide suitable models for
the analysis of IgE regulation (Saryan, Leung & Geha, 1983;
Fiser & Buckley, 1979).

Abbreviations: Bu, biological unit; D. farinae, Dermatophagoides
farinae, IgE, immunoglobulin E; IL-4, interleukin-4; PBMC, Peripheral
blood mononuclear cells; SDS-PAGE, sodium dodecylsulphate polyac-
rylamide gel electrophoresis.

Correspondence: Dr R. E. O'Hehir, Dept. of Allergy & Clinical
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In this report, an in vitro model of IgE synthesis using
autologous B cells is described for the most common mite
species inducing allergy (Dermatophagoides spp.; house dust
mite, HDM) and, using allergen-specific polyclonal T cells and
clones from an atopic and a non-atopic individual, the differ-
ences in IgE regulation are investigated.

MATERIALS AND METHODS

Antigen preparations
Lyophilized extracts of Dermatophagoides farinae (D. farinae),
Dermatophagoides pteronyssinus (D. pteronyssinus), Parietaria
judaica, Timothy grass and mixed grass pollen were kindly
provided by Pharmacia (Uppsala, Sweden).

Isolation ofhuman T cell clones
A panel of house dust mite-specific CD4+ T-cell clones was
isolated from the peripheral blood of an atopic individual with
perennial rhinitis and a non-atopic healthy subject, using the
limiting dilution cloning method described previously (O'Hehir
et al., 1987). For cloning, viable cells (0 3 cells/well) were
resuspended in complete medium (RPMI-1640 supplemented
with 2 mM L-glutamine, 100 IU/ml penicillin/streptomycin)
containing 5% screened human A+ serum and plated in
Microtest II trays together with irradiated (2500 rads) auto-
logous peripheral blood mononuclear cells (PBMC; 1 x 106/ml),
D. farinae (103 BU/ml) and interleukin-2 (IL-2; Lymphocult T,
10% v/v, Biotest Folex, Frankfurt, FRG). Before use in assay
systems the clones were rested for 6-8 days after the last addition
of filler cells and antigen.
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Proliferation assays

Cloned T cells (5 x 104/ml) were stimulated with D. farinae and
mixed grass pollen at different concentrations in the presence of
autologous irradiated PBMC (1 25 x 105/ml). After 60 hr in-
cubation, tritiated methyl thymidine ([3H]TdR; I pCi/well,
Amersham International, Amersham, Bucks) was added and
the culture harvested onto glass-fibre filters 8-16 hr later.
Proliferation, as correlated with [3H]TdR incorporation, was

measured by liquid scintillation spectroscopy. For polyclonal
T-cell responses, PBMC (2 5 x 105/ml) were stimulated with
antigen for 6 days. The results are expressed as mean counts per

minute (c.p.m.) for triplicate cultures.

Culture conditions for in vitro antibody production
Erythrocyte rosette negative cells (E-) containing B cells and
monocytes (<2% contaminating E+ cells) were isolated using
aminoethylisothiouronium bromide hydrobromide (AET)-
treated sheep erythrocytes and centrifugation on Percoll (Phar-
macia) gradients (Lamb et al., 1983). Cloned T cells (2 5 x 105/
ml) or E+ cells (1 5 x 106/ml) were cultured with D. farinae or

mixed grass pollen (5 x 103 BU/ml) and autologous E- cells
(2-5 x 105/ml) in complete medium containing 10% fetal calf
serum (FCS), with or without the addition of recombinant IL-4
(100 U/ml; Genzyme, Boston, MA). The supernatants were

harvested at 10-12 days and the total levels of IgE and IgG
determined by enzyme-linked immunosorbent assays (ELISA).

Determination of immunoglobulin synthesis
Total IgE and IgG were measured using solid-phase ELISA as

described in detail elsewhere (Larche et al., 1988). Briefly, for
IgG, plates were coated with goat anti-human IgG (1:500;
Miles Scientific, Slough, Bucks), blocked with 1% bovine serum
albumin (BSA) and then incubated with the test samples. For
detection of IgG, alkaline phosphatase-labelled goat anti-
human IgG (1: 500 dilution; Sigma, Poole, Dorset) conjugate
was used and absorbance measured at 405 nm. For IgE, mouse
anti-human IgE monoclonal antibody (1: 500; Serotec, Kidl-
ington, Oxon) was used to coat plates and biotinylated goat
anti-human IgE (1:250; Vector, Peterborough, Cambs) was

used as a second antibody followed by streptavidin biotiny-
lated-horseradish peroxidase conjugate. Absorbance was mea-

sured at 450 nm. For both IgG and IgE assays standard curves

were performed. The limits of detection were 8-1000 ng/ml and
50-12,000 pg/ml for IgG and IgE, respectively. IgG or IgM at
concentrations of 50 pg/well were not detected in the IgE assay.

Dot blot analysis of T-cell clones
T-cell clones were activated on solid-phase anti-CD3 antibody
(OKT3; Ortho Pharmaceutical Corp., Raritan, NJ) for 6 hr in
the presence of 5% IL-2, collected, washed and resuspended
in phosphate-buffered saline (PBS) containing cycloheximide
(50 pg/ml) and vanadyl ribonucleoside complex (10 mM). Selec-
tive mRNA immobilization on the nylon membrane (Hybond-
N, Amersham) was as described elsewhere (Bresser, Doering &
Gillespie, 1983). Briefly, cells were lysed using pronase digestion
followed by detergent treatment; the lysate was saturated with
sodium iodide and put onto the membrane. After washing, the
membrane was exposed to UV light before storage. Prehybridi-
zation and *hybridization were carried out at 42° in 50%
formamide and 6xSSC (2OxSSC=3 M NaCl+0 3 M Na
citrate). Human IL-2 cDNA (Taniguchi et al., 1983) was
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Figure 1. Antigen specificity ofPBMC from an atopic and a non-atopic
individual. PBMC (2 5 x 105/ml) were cultured with a panel of soluble
aeroallergens at different concentrations. Proliferation was determined
by [3H]TdR incorporation after 6 days. Background responses of
PBMC to medium in the absence of antigen were less than 115 c.p.m.

labelled by random priming using a DNA-labelling kit (Boeh-
ringer Mannheim, FRG), and for IL-4 two partially overlap-
ping reverse and complementary oligonucleotides (Yokota et
al., 1986)

(i) 5'-GTGCGACTGCACAGCAGTTCCACAGGCACA-3'
(ii) 3'-GTGTCCGTGTTCGTCGACTAGGCTAAGGAC-5'
were annealed and filled in using 32PdCTP (Amersham) and
three unlabelled dNTPs in the presence of Klenow enzyme.

Autoradiography from immunoblots ofD. farinae
Mite body extract of D. farinae was separated by SDS-PAGE
and transferred to nitrocellulose. The strips were probed with
sera from the mite-allergic clone donor and from the non-

allergic clone donor and autoradiographed to detect binding of
IgE as described previously (O'Hehir et al., 1987). Briefly, after
blocking non-specific binding with 2% human serum albumin in
Tris buffer (pH 7 5), dilutions of the sera (1: 2 and 1: 5) were

allowed to react over the nitrocellulose sheets for 16 hr. After
washing, they were incubated for a further 16 hr with 1251 anti-
IgE (Pharmacia; 100 pl/approximately 104 c.p.m.). The washed,
dried sheets were exposed to X-OMAT L Kodak film with Du
Pont Quanta III intensifying screens at - 70° for 48 hr and then
developed.

RESULTS

Antigen specificity of polyclonal and monoclonal T cells isolated
from an atopic and a non-atopic individual

At the polyclonal level, the response of peripheral T cells from
an atopic individual with perennial rhinitis and a non-atopic
donor to D.farinae extract was comparable (Fig. 1). T cells from
both individuals proliferated in a dose-dependent manner when
stimulated with soluble D. farinae extract. Furthermore, proli-
ferative responses were observed to the closely related member
of the same genus, D. pteronyssinus, and to Parietaria judaica
compared with the medium control.

Cloned T cells derived from the same individuals (clones
DE26 and DE9 from the atopic subject and clone DF1 from the
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Figure 2. Cloned T cells (5 x 104/ml) were cultured with D. farinae and
mixed grass pollen over a concentration range in the presence of
autologous, irradiated PBMC (1 25 x 105/ml). Proliferation was deter-
mined by [3H]TdR incoporation at 72 hr. Dose-response curves for
D. farinae are shown; DE26 (open circles), DE9 (closed circles) and DF I
(closed squares). Only the maximum proliferative response to mixed
grass pollen is plotted. Background responses to accessory cells in the
absence of antigen were less than 275 c.p.m. and in all cases the
percentage SEM was less than 25%.
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Figure 3. Dot blot analysis ofmRNA for IL-2 and IL-4 in T-cell clones.
Cloned T lymphocytes, activated for 6 hr with solid-phase anti-CD3,
were probed using human IL-2 as cDNA and IL-4 oligonuclotides.
Comparable mRNA for actin was present in all clones.

non-atopic subject) proliferated strongly in a dose-dependent
fashion in response to the inducing allergen, D. farinae, but
failed to recognize the unrelated allergen, mixed grass pollen
(Fig. 2).

Dot blot analysis of mRNA for IL-2 and IL4 in T-cell clones

The levels of IL-2- and IL-4-specific mRNA were compared for
the T-cell clones DE9 and DE26 from the atopic and DF1 from
the non-atopic individual 6 hr after activation with insolubilized
anti-CD3 antibody (OKT3). Dot blot analysis of clones DE9
and DE26 revealed the presence of comparable levels of IL-2
transcripts (positive at 10 x 104 cell equivalents/spot; Fig. 3)
whereas clone DFl was positive at 50 x 104 cell equivalents/
spot. DE26 also gave positive hybridization for IL-4 mRNA
(10 X 104 cell equivalents/spot) as opposed to DE9, which was

only weakly positive when mRNA from five-fold the number of
cell-equivalents/spot was probed, and DF1, which had no

detectable IL-4-specific mRNA.

Table 1. D. farinae-induced immunoglobulin synthesis
by polyclonal and cloned T cells from an allergic

individual

IgE IgG
T cells E- Antigen IL-4 pg/ml ng/ml

(a) DE26 + _ - 0 48
DE26 + D.farinae - 252 565
DE26 + Grass pollen - 0 30
DE26 + D. farinae + 682 452

(b) DE9 + - - 0 0
DE9 + D. farinae - 0 73
DE9 + Grass pollen - 0 0
DE9 + D.farinae + 595 2843

(c) E+ + D. farinae - 90 12
- + D. farinae - 0 0
- + Grass pollen - 0 0
- + D. farinae + 41 11
E+ + D. farinae + 245 1335
E+ + - + 40 0

T-cell clones DE26 (a) and DE9 (b) were isolated
from the same atopic individual. IgE and IgG synthesis
by E- cells (c) cultured with IL-4 and antigen without
added T cells are shown. Polyclonal T-cell help pro-
vided by E+ cells (c) was also determined. Background
IgG and IgE synthesis by E- cells cultured with antigen
have been subtracted from the test groups. These were
as follows: For (a), IgG < 15 ng/ml, IgE < 98 pg/ml;
(b), IgG 15 ng/ml, IgE 90 pg/ml; (c), IgG < 14 ng/
ml, IgE < 47 pg/ml.

Ability of Dermatophagoides spp.-specific T-cell clones to support
IgE and IgG synthesis in vitro

Clone DE26 isolated from the atopic subject with detectable
mRNA levels for IL-4 was able to collaborate with autologous
E- cells in the presence of the specific D. farinae allergen to
support IgE synthesis. This was enhanced three-fold by the
addition of exogenous IL-4 at the initiation of cultures
(Table la). Clone DE9 with barely detectable IL-4 transcripts
helped IgE synthesis only when exogenous IL-4 was added to
the cultures (Table lb). Similarly, allergen-dependent IgG
synthesis mediated by T-cell clones DE26 and DE9 was also
enhanced in the presence of exogenous IL-4. The failure of the
autologous E- cells cultured with antigen and IL-4 to stimulate
marked IgE synthesis demonstrated the requirement for T cells
in the system (Table lc). The presence of antigen was required
since E+ and E- cells co-cultured with IL-4 were unable to
induce IgE synthesis. Peripheral T cells (E+) from the atopic
donor when cultured with autologous E- cells and D. farinae
induced the synthesis of IgE that was enhanced by the addition
of IL-4 (Table ic).

Cloned CD4+ T cells (DF1) from the non-atopic donor,
which had no detectable mRNA for IL-4 (Fig. 3), were unable to
induce IgE synthesis even in the presence of exogenous IL-4
(Table 2a), although able to support IgG secretion. Total IgG
synthesis was also enhanced by the additional IL-4 added to the
cultures. Similarly, stimulation of E- cells from the non-atopic
individual with allergen and peripheral T cells failed to induce
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Table 2. D.farinae-induced immunoglobulin synthesis by
polyclonal and cloned T cells from a non-atopic indi-

vidual

IgE IgG
T cells E- Antigen IL-4 pg/ml ng/ml

(a) DFl + - - 0 0
DFl + D. farinae - 0 290
DFl + Grass pollen - 0 0
DFl + D. farinae + 0 420

(b) E+ + - - 0 0
E+ + D. farinae - 0 122
- + D. farinae + 20 190
E+ + - + 40 200
E+ + D. farinae + 55 360

(c) E+ allo + - - 93 26
E+ allo + - + 575 2385

T-cell clone DFI (A) was isolated from a healthy,
non-atopic individual. IgE and IgG synthesis by E- cells
cultured with IL-4 and antigen without added T cells is
shown (b). Polyclonal T cell help provided by E + cells (b)
and cloned allogeneic E+ cells (c) are shown. Background
immunoglobulin synthesis by E- cells cultured with
antigen have been subtracted from the test groups. These
were as follows: For (a), IgG <70 ng/ml, IgE < 190 pg/
ml; for (b) and (c), IgG < 15 ng/ml, IgE <94 pg/ml.

1 2
1 1

3 4
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Figure 4. Autoradiographs ofWestern blots showing the IgE response of
sera to D. farinae. Mite body extract of D. farinae was separated by
SDS-PAGE and transferred to nitrocellulose. The strips were probed
with sera from the mite allergic clone donor (1:2) dilution, lane 1;
1: 5 dilution, lane 2) and from the non-atopic clone donor (1: 2 dilution,
lane 3; 1: 5 dilution, lane 4) and autoradiographed to detect binding of
IgE.

IgE secretion, although IgG was produced, albeit at low
amounts (Table 2b). The addition of exogenous IL-4 to these
cultures did not markedly enhance IgE synthesis above that
observed in the controls (Table 2b).

The stimulation of B-cell enriched populations from the
non-atopic subject with cloned allogeneic T cells confirmed their
capacity for the synthesis of IgE (Table 2c). This response was

strongly enhanced in the presence of exogenous IL-4 for both
IgE and IgG synthesis.

Reactivity pattern of specific IgE to immunoblots of D. farinae
Autoradiographs using serum from the allergic donor of clones
DE9 and DE26 showed strong IgE binding to the D. farinae
immunoblots (Fig. 4). A distinct band was evident at 13,000
MW, which corresponds to the Derf II allergen of D. farinae
that has recently been recognized as a major allergen. Fainter
bands were also evident at 26,000 and 29,000 MW, correspond-
ing to the Derf I and Derf III allergens.

The autoradiographs using serum from the non-atopic clone
donor showed no evidence of specific IgE directed at any of the
determinants of D. farinae, consistent with the lack of allergic
symptoms, negative prick skin tests and negative radioallergo-
sorbent testing (RAST; data not shown).

DISCUSSION

The inability to isolate antigen-specific T cells combined with
the absence of an allergen-dependent in vitro model of antibody
synthesis has restricted the investigation of differences in T-cell
regulation of IgE induction in atopic and non-atopic indi-
viduals. In this report it is demonstrated that the T-cell
repertoires of an atopic and a normal subject both include cells
capable of recognizing house dust mite allergen, and that
HDM-specific T-cell clones can be isolated from each donor.
Furthermore, differences in the functional activity of these
T-cell clones and polyclonal E+ cells were examined in an in vitro
model of allergen-dependent IgE synthesis.

Analysis of murine T-cell clones suggests that there are two
non-overlapping subsets of CD4+ T cells (Thl and Th2) that
differ in their lymphokine production and functional activities
(Mosmann & Coffman, 1987). The Th2 cells, which produce IL-
4 but not IL-2 or IFN-y, are potent helpers for B cell IgE
synthesis (Howard & Paul, 1983; Coffman et al., 1986).
Therefore, the HDM-specific T-cell clones described here were
analysed for their ability both to produce IL-4, as determined by
dot blot analysis for mRNA, and to support IgE synthesis. The
T-cell clones from the atopic individual differed markedly in
their levels of IL-4 transcripts, whereas no mRNA for IL-4
could be detected in the cloned T cells (DFl) derived from the
non-atopic subject. In contrast, all the clones had detectable
levels of IL-2 transcripts. Thus, the dichotomy of lymphokine
production observed for murine T-cell clones appears not to
apply so broadly to human T-cell clones. From the hetero-
geneity ofT cells as regards their ability to secrete lymphokines
(Del Prete et al., 1988), caution must be exercised in extrapo-
lating from the analysis of these clones to the intact T-cell
repertoire of the individuals tested in this study. However, the
functional characteristics observed at the polyclonal T-cell level
would support these observations.

Investigation of the functional activity of the HDM-specific
T-cell clones revealed that clone DE26, with marked IL-4
mRNA levels when co-cultured with autologous E- cells, and
D. farinae induced IgE synthesis that was enhanced by the
addition of exogenous IL-4. In contrast, clone DE9, also
isolated from the atopic individual but with minimal levels of
IL-4 transcripts, supported IgE synthesis only in the presence of
exogenous IL-4. The T-cell dependence of IgE induction was
demonstrated by the failure of E- cells to synthesize IgE when
cultured with only IL-4 and D. farinae. Similarly, the necessity
for antigen is demonstrated as E+ and E- cells co-cultured with
IL-4 alone failed to induce IgE synthesis, and this suggests that
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antigen rather than IL-4 activates the T cells to provide B-cell
help. Further support for this is that the T-cell clones are
unresponsive to IL-4 stimulation (data not shown). The obser-
vation that peripheral E+ cells from the atopic individual were
capable of supporting allergen-dependent IgE synthesis implies
that the T-cell clones were not unique cells but representative of
those in the polyclonal population. The relatively low levels of
IgE induced by polyclonal T cells reflects the low numbers of
HDM-immune T cells circulating in peripheral blood (Halvor-
sen, Bosnes & Thorsby, 1986). These findings are consistent with
the concept that B cells from atopic individuals are able to
synthesize IgE when the appropriate T-cell help is provided.

In contrast, both polyclonal and cloned CD4+ T cells
reactive withHDM from the non-allergic subject were unable to
induce allergen-dependent IgE synthesis even following the
addition of exogenous IL-4. The presence and absence of
D. farinae-specific IgE in the sera of the atopic and non-atopic
individuals, respectively, was confirmed by immunoblotting and
autoradiography and suggests that the in vitro findings reflect
the in vivo status of these subjects. The stimulation of B cells
from the non-atopic donor with cloned allogeneic T cells
confirmed their capacity to synthesize IgE. It is well documented
that non-atopic individuals are capable of generating an IgE
response following parasitic infection (Nutman et al., 1985) and
allostimulation (Umetsu et al., 1985). The failure of clone DFI,
or of the peripheral E+ cells from the non-atopic subject, to
induce IgE synthesis cannot be explained solely by its inability
to secrete IL-4 for the addition of exogenous IL-4 did not
overcome the defect. Additional regulatory mechanisms may be
required (Maggi et al., 1988) or there may be a defect in the IL-4
receptor. It has been suggested that the inability of T cells
lacking IL-4 to support IgE synthesis is partly due to the
production of IFN-y (Mosmann & Coffman, 1987; Coffman &
Carty, 1986; Snapper & Paul, 1987). Nevertheless, in the
presence of anti-IFN-y antibody and IL-4, clone DF1 was
unable to provide appropriate help although marked enhance-
ment of IgE synthesis was observed under similar culture
conditions with the clone DE9 (data not shown). Furthermore,
the observation that cloned CD4+ HDM-specific T cells from
the non-atopic individual fail to support IgE synthesis con-
tradicts the hypothesis that failure of IgE production in non-
allergic subjects results solely from inhibition by regulatory
(CD8 + suppressor) T cells. Nevertheless, it must be emphasized
that population studies are required to resolve differences
uneqivocally in the regulatory mechanisms of both atopic and
non-atopic individuals in their responses to allergen.

The absence of allergen-triggered IgE in the non-atopic
system may result from the absence of specific B cells which can
act as highly efficient antigen-presenting cells concentrating
antigen via Ig receptors (Lanzavecchia, 1985) which are already
clonally expanded in the atopic individual. Alternatively, the
failure to synthesize IgE could be due to a defect in isotype
switching (Cebra, Komisar& Schweitzer, 1984; Radbruch et al.,
1986; Gearhart, Sigal & Klinman, 1975) in the non-atopic
subject. However, the induction of IgE synthesis by allostimula-
tion makes this explanation unlikely. Interestingly, both sub-
jects were able to synthesize IgG in response to D. farinae
stimulation.

If the T-cell clones studied here recognize different deter-
minants within the allergen and the T-cell recognition of a
particular epitope within a protein can influence immune

function (Adorini et al., 1977) then this could also offer an
explanation for the inability of DF1 to induce IgE synthesis.
This is supported by the observation that only the peripheral
T cells ofHDM allergic subjects respond to affinity-purified Der
p I allergen (Rawle et al., 1984). Furthermore, as T-cell antigen
recognition depends upon the binding of peptide antigen to
MHC proteins, the haplotype of the individuals will influence
the epitopes recognized and the immune response induced
(Rothbard et al., 1988). Indeed, this is supported by the
observation that immune responsiveness to Amb a VI in allergic
individuals, as assessed by the presence of specific IgE in the
serum, is HLA-DR5 associated (Marsh et al., 1987).

The experimental model described here has allowed analysis
of qualitative differences in helper activity for allergen-depen-
dent in vitro IgE synthesis mediated by Dermatophagoides
spp.-specific polyclonal and monoclonal T cells derived from an
atopic and a non-atopic individual. Knowledge of mechanisms
involved in such IgE regulation is required to facilitate the
development of effective therapeutic regimens for allergic
diseases.
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