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METHODS: A Companion to Methods in Enzymology 13, 69–78 (1997)
Article No. ME970498

Immunologic Investigations of T-Cell Regulation
of Human IgE Antibody Secretion
and Allergic Responses

David M. Essayan,* Guha Krishnaswamy,† and Shau-Ku Huang*,1

*Division of Clinical Immunology, Johns Hopkins University School of Medicine, Baltimore, Maryland
21224; and †Department of Medicine, East Tennessee State University, Johnson City, Tennessee 37614-0622

of an antigen (Ag) only in the context of a membrane-
The pathophysiology of allergic disease is multifactorial, bound class II molecule (in humans, HLA-DR, DQ,

involving an intricate network of interactions among cells, or DP) on the antigen-presenting cell (APC; such as
mediators, and cytokines. Substantial progress has been macrophage/dendritic cells and B cells) (for review
made in defining the role of antigen-specific T cells and cyto- of MHC-restricted recognition of allergens, see Ref.
kines in the regulation of immunoglobulin E (IgE) synthesis 1). This Ag-specific, MHC-restricted event allows for
and the atopic diseases. The development of antigen-specific the induction of the effector functions of T-cell help
T-cell lines and clones has facilitated efforts to characterize and the generation of cytokines. Based on the profile
human T-cell subsets and their cytokine repertoires. Molecu- of cytokines, two functional subsets of T cells have
lar methods currently available include techniques for the been described (2): Type 1 T cells (Th1) express IL-
quantitative analysis of cytokine gene expression and secre- 2 and IFN-g, whereas type 2 T cells (Th2) express
tion from activated T cells ex vivo as well as in tissues. The interleukin 4 (IL-4), IL-5, IL-6, and IL-10. In hu-
availability of these newly developed techniques has become mans, such dichotomy has been observed from cyto-
essential to the investigation of the pharmacologic regulation kine profiling analyses of Ag-specific T-cell clones of
of T cells and cytokines both in vitro and in vivo. Future atopic patients (3–6). The molecular basis for and
investigations will contribute to our understanding of the dif- in vivo importance of these T-cell subsets are not
ferential regulation of T-cell subsets and their relationships clearly understood. It has been suggested that cyto-
to allergic diseases, ultimately leading to a better under- kines (IL-4, IFNg, and IL-10) play a role in the func-
standing of the molecular pathogenesis of allergic diseases tional differentiation of T cells; there is reciprocal
and the design of more effective therapeutic interventions. regulation of Th1 and Th2 cells by their cytokine
q 1997 Academic Press products (7).

Our current understanding of the regulation of
IgE synthesis has been primarily derived from in
vitro experiments, together with functional studies
of recombinant cytokines. Several studies in humans

A mature CD4/ T cell, through its clonally derived have indicated that the regulation of IgE is con-
T-cell receptor (TcR), recognizes a peptide fragment trolled by the reciprocal activity of IL-4 and IFN-g

(8) and requires direct T cell–B cell interactions
with both MHC-restricted and non-MHC-restricted1 To whom correspondence should be addressed at Johns Hop-
events (for example, CD-40–gp39 interactions; Ref.kins Asthma and Allergy Center, Unit Office 1, 5501 Hopkins

Bayview Circle, Baltimore, MD 21224-6801. Fax: (410) 550-2090. 9). Using an allergen challenge model, the presence
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70 ESSAYAN, KRISHNASWAMY, AND HUANG

of infiltrating T cells and the expression of Th2 cyto- lation with antigen in the presence of APCs and T-
cell growth factors, such as IL-2 (18). Antigen-spe-kines at sites of inflammation have been well docu-

mented (10–12). An important implication of these cific T-cell clones are generated from these lines by
the limiting dilution technique (usually at 0.3 cellstudies is that in atopic subjects, allergen induces

activation and/or proliferation of cells having the per well), which in principle follows statistics of the
Poisson distribution. Autologous irradiated PBMCsTh2 cytokine profile, and the expression of Th2 cyto-

kines is critical in the induction of IgE synthesis and or Epstein–Barr virus-transformed B cells are used
as APCs for periodic restimulation and expansion ofthe initiation of allergic responses. The information

gained from these studies has been the basis for de- the clonal cell populations. Subcloning and analysis
of TcR Vb gene usage are used to confirm mono-signing therapeutic strategies for the modulation of

human T-cell activation and cytokine responses by clonality. The antigen specificity is confirmed by un-
responsiveness of the T cells to an irrelevant antigena variety of immunopharmacologic agents. In addi-

tion, T cells may play a general role in the regulation (5, 6). The availability of stable, phenotypically char-
acterized, antigen-driven T-cell clones has providedof specific immune responses; this is suggested by

the importance of T cells as targets in allergen im- an excellent tool for the study of T-cell clonal diver-
sity, proinflammatory cytokine production, pheno-munotherapy (13, 14).

The role of T cells and cytokines in the regulation typic heterogeneity to a single allergen, and the dif-
ferential pharmacologic regulation of the T-cellof IgE synthesis and allergic diseases has been the

subject of several recent reviews (15, 16), to which subsets.
the reader is referred for more detailed informa-
tion and discussion. The present review will focus
on recent developments concerning the immuno-

ANALYSIS OF CYTOKINElogic methods and current immunomodulatory ap-
proaches used in the study of Ag-specific T-cell re- GENE EXPRESSION
sponses and their relationships to atopic diseases.

Transcription and secretion of cytokines are de-
pendent on the activation of resting T cells. Several
techniques have been used to quantitate cytokineANTIGEN-SPECIFIC T-CELL POPULATIONS
gene expression from activated T cells ex vivo or in
situ from foci of inflammation. These include RNase

Antigen-specific T-cell activation involves an ini- protection assays, in situ hybridization, Northern
tial cognate cellular interaction and subsequent mo- blotting, and the reverse transcription–polymerase
lecular signals selectively transmitted through a chain reaction (RT-PCR; Ref. 19). Of these tech-
complex series of intracellular phosphorylation/de- niques, neither Northern blotting nor in situ hybrid-
phosphorylation events. These molecular signals ization provides a quantitative assessment of cyto-
culminate in the induction of specific gene transcrip- kine mRNA; moreover, in situ hybridization requires
tion and translation. While mitogen-driven activa- substantial expertise to achieve reproducible re-
tion can result in both proliferation and cytokine sults. Two of these techniques, RT-PCR and in situ
generation, much of the specificity of antigen-driven hybridization, have been useful in the study of aller-
stimulation is not reproduced by this method (17). gic diseases.
For this reason, we and others have focused consid-
erable effort on the establishment of antigen-driven

Qualitative and Quantitative RT-PCRsystems for the study of T-cell biology and cytokine
pharmacology. While the stimulation of peripheral The ability to detect and quantitate multiple cyto-

kine mRNAs from small numbers of target cellsblood mononuclear cells (PBMCs) with antigen may
provide relevant ex vivo data, an understanding of makes RT-PCR technology an attractive and power-

ful tool to assess gene expression (19, 20). In thisdifferential functional properties of T-cell subsets
can be achieved only with the use of antigen-specific, technique, RNA is extracted from tissues or cells and

first-strand cDNA synthesized from an aliquot ofphenotypically characterized T-cell clones.
Antigen-specific human T-cell lines are generated RNA (usually 1 mg). Aliquots of cDNA are then sub-

jected to PCR in the presence of cytokine-specificfrom the PBMCs of study subjects by periodic stimu-
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71INVESTIGATIONS OF HUMAN T-CELL RESPONSES

primers in an automated thermocycler. The products otide hybridization and enzyme-linked immunosor-
bent assay has recently been described (25).of amplification are analyzed by electrophoresis in

agarose gels containing ethidium bromide. The spec- We have used QC-PCR to study cytokine gene ex-
pression in T cells from peripheral blood and bron-ificity of the amplification is assessed by any or all

of the following methods: the expected sizes of ampli- choalveolar lavage samples of subjects with airway
inflammation following allergen challenge (11, 21–fied fragments, Southern blotting using internal se-

quence probes, restriction enzyme digestion, or di- 23). We demonstrated enhanced expression of
mRNA for the Th2-cytokine, IL-5, in the mononu-rect sequencing. This simple methodology provides a

qualitative assessment of cytokine gene expression. clear population of asthmatic lung lavage samples.
We have also used semiquantitative RT-PCR to ana-To quantitate the level of cytokine gene expres-

sion, modified RT-PCR-based techniques have been lyze the modulation of cytokine transcripts in
PBMCs and to study the expression of cytokine tran-developed. Early methods provided relative quanti-

tation (also referred to as semiquantitative RT-PCR) scripts in buccal epithelium, human mast cells, and
endothelial cells (26–28). Thus, analysis of cytokineof cytokine transcripts by comparing the amounts of

the amplified products of the target template and mRNA from small numbers of a variety of cultured
cells is possible using PCR-based techniques. Figurea constitutively expressed gene, such as b-actin or

HPRT. Using either radioactive incorporation or 1 shows an example of QC-PCR technique.
densitometry measurements of the amplified prod-

In Situ hybridizationucts, the ratio of target gene product and constitu-
An additional tool useful in the analysis of cyto-tive gene product was calculated and compared be-

kine gene expression is in situ hybridization. In thistween different test samples. Although informative,
technique, cytokine mRNAs can be identified withinthis method has inherent shortcomings. Optimal
the cells of tissue sections. When combined with im-PCR reactions are dependent on various parameters,
munocytochemistry, it is a powerful tool to identifyincluding primer specificity and stability, the con-
the cell sources of the cytokine mRNAs. The method-centrations of magnesium and DNA polymerase, cy-
ology involves fixing target tissue to glass slides,cling profiles, and the number of amplification cy-
incubating with hybridization buffer containing thecles. These factors account for much of the
radiolabelled probe of interest (or the probe in avariability seen in amplification specificity and effi-
‘‘sense’’ direction as a negative control), and visual-ciency.
ization by autoradiography (29). Using this tech-The more recent development of ‘‘quantitative,
nique, Robinson et al. demonstrated an increasedcompetitive RT-PCR (QC-PCR)’’ (22) has sought to
expression of mRNAs for IL-2, IL-4, IL-5, and GM-minimize some of these problems. In QC-PCR, an
CSF in the lung lavages of asthmatic patients. Theyexogenous RNA standard [referred to as the internal
also demonstrated that in patients with asthma, IL-standard (IS)], which is created as an allelic size
4 and IL-5 were expressed predominantly by the Tvariant of the gene of interest (Refs. 11, 21–23), is
cells (10). Using in situ hybridization, Varney et al.amplified in the presence of the same primer set
showed that successful grass pollen immunotherapyin the same tube with the target RNA. Thus, the
was associated with an increase in the number ofamplification of both the IS and the target RNA tem-
IL-2- and IFN-g-stained cells (30). Finally, Durhamplates is affected equally by variables during RT-
et al. demonstrated that the number of IFN-g-PCR. The difference in fragment sizes of the IS and
stained cells increased in the nasal biopsies of pa-target mRNA allows the two amplified products to
tients treated with grass pollen immunotherapybe distinguished on agarose gel. The amount of un-
(31). Thus, in situ hybridization has provided signifi-known target mRNA can be extrapolated from the
cant insights into the pathogenesis of allergic in-density or radioactivity ratios of varying dilutions of
flammation.the target product amplified with a known concen-

tration of IS. A significant improvement of this tech-
nique involves the use of ‘‘polycompetitors’’ to allow ANALYSIS OF CYTOKINE PROTEIN
quantitation of multiple target genes with the same SECRETION
internal standard (24). Finally, a modification
wherein the amplified DNA is captured covalently While the assessment of proinflammatory cyto-

kine gene expression from T cells may provide a pre-onto microtiter plates and quantitated by oligonucle-
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72 ESSAYAN, KRISHNASWAMY, AND HUANG

cise and highly sensitive indication of cellular activa- interest but present in the sample undergoing analy-
sis. While these assays often require considerabletion states, transcriptional and posttranscriptional

regulatory events may influence the ultimate out- maintenance, they provide an inexpensive and
highly sensitive measurement of cytokine produc-come of cellular activation. For this reason, gene ex-

pression data are often combined with direct or indi- tion. For example, Gleich and colleagues have devel-
oped an eosinophil survival assay for the measure-rect measurements of cytokine protein generation.

Currently, the three primary methods used for cyto- ment of IL-5 with a sensitivity of 22 fmol and a
usable range of two orders of magnitude (32). Withkine protein measurement are bioassays, enzyme-

linked immunosorbent assays (ELISA), and flow cy- rare exceptions, these assays have been supplanted
by other techniques.tometry with intracellular cytokine staining.

Bioassays Enzyme-Linked Immunosorbent Assay

ELISA assays for the detection of many cytokinesBioassays for the assessment of cytokine produc-
tion have been established in many laboratories for and other molecular targets are available commer-

cially. These assays boast sensitivities as low as 0.1many cytokines. Bioassays detect the biological ac-
tivity of the cytokine through a growth-promoting pg. They offer the advantages of high precision,

species specificity, negligible cross-reactivity witheffect on a dependent cell line; nonfunctional cyto-
kine will not be detected by this method. However, closely related molecular structures, and a high re-

sistance to interference by serum proteins or otherbioassays may be subject to interference by addi-
tional growth factors not related to the cytokine of incidental factors. Using commercially available

FIG. 1. Quantitative analysis of interleukin 5 mRNA expression. (a) Total cellular RNA from antigen-stimulated PBMCs was
reverse-transcribed with an oligo(dT) primer and subjected to PCR. (Top) Constitutive expression of b-actin at each of four time
points. (Bottom) The increasing competition of native IL-5 transcript (293-bp fragment) with a constant amount of IS (387-bp
fragment). (b) A fixed amount of total cellular RNA from the 6- and 9-h time points is subjected to QC-PCR with varying amounts
of the IS competitor, as shown. (c) Quantitation of the individual bands in (b) (by radioactive incorporation or densitometry measure-
ments) is depicted graphically. The concentration of IL-5 in the test sample is determined by the amount of IS at the IS/test sample
ratio of 1. In this experiment, low levels of IL-5 mRNA are present at 3 h and increase at 6 h (0.1 pg/200 ng RNA) and 9 h (0.3 pg/
200 ng total RNA). Experimental variability is typically less than 5% (22).
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73INVESTIGATIONS OF HUMAN T-CELL RESPONSES

ELISA kits for various cytokines, we have conducted tion of secreted cytokine, obviating the influence of
autocrine consumption (35, 36). Finally, a variationa study to characterize the cytokine profiles of a

short ragweed allergen (Amb a 1)-specific T-cell on the sandwich ELISA methodology using a biotin-
ylated oligonucleotide with subsequent PCR as theclones from two allergic subjects and one nonallergic

subject (6). The clones studied were uniformly CD3/ detection system has been employed to improve sen-
sitivity to the 10 fg range (37).CD4/ CD80 by flow cytometry. We demonstrated

that while the clones from the atopic subjects were
predominantly Th0 with lesser numbers of Th1 and

Flow Cytometry with Intracellular Cytokine StainingTh2 clones, clones from the nonatopic subject were
The most recent development in the area of cyto-uniformly of the Th1 phenotype. Detailed analysis

kine protein detection has been the development ofof cytokine profiles from these clones allowed us to
intracellular cytokine staining of fixed and perme-show uniformly high levels of IL-13 (ú4 ng/ml/2 1
abilized cells with labeled monoclonal antibodies105 cells) production, regardless of cellular pheno-
and subsequent detection by flow cytometry. Suchtype (Fig. 2). These levels did not correlate with lev-
methods usually employ an agent such as momensinels of IL-4 production and implicate IL-13 directly
to inhibit secretion of cytokine protein, enhancingin the generation of chronic allergic inflammation.
intracellular accumulation and facilitating staining.While the majority of ELISA assays employ a stan-
This methodology offers the advantages of detectiondard ‘‘sandwich’’ method for the measurement of free
of multiple cytokines simultaneously on a single-cellligand, a number of modified ELISA assays have
level and the characterization of cytokine productionrecently been developed. One such modification uses
profiles of cell populations. Prussin and colleaguesa biotinylated cytokine competitor to detect both free
have used flow cytometric techniques to identify dis-and bound fractions of the target cytokine (33, 34).
tinct Th0, Th1, and Th2 subsets in human CD4/Another assay allows the culture of cytokine-produc-
CD270 lymphocytes and have demonstrated the util-ing cells directly in the presence of the primary anti-
ity of this technique in studying increased IL-5 pro-cytokine antibody. This enables cumulative detec-
duction characteristic of hypereosinophilic states
(38, 39). However, reliable cytokine detection has
only been achieved with the use of mitogenic stimuli;
the feasibility of this assay in detection of cytokine
production in antigen-driven T-cell populations re-
mains to be determined.

PHARMACOLOGIC MODULATION OF T-CELL
RESPONSES

It is clear that significant progress has been made
in the development of cellular and molecular tools
for characterizing antigen-induced activation of T
cells; these new developments have facilitated phar-
macologic studies of T cell and cytokine responses
in disease states. For example, the generation of pro-
inflammatory cytokines may be downregulated by aFIG. 2. IL-4 and IL-13 secretion in Amb a 1-specific T cells.

Amb a 1-specific T-cell clones were derived from an atopic subject variety of therapeutic agents for the atopic diseases.
(MT) and a nonatopic subject (SH). All T-cell clones (eight from Studies from our laboratory and others have docu-
subject MT, solid squares; eight from subject SH, open squares) mented the efficacy of corticosteroids, nonselective
were stimulated with Amb a 1 (10 mg/ml) in the presence of and selective phosphodiesterase (PDE) inhibitors,autologous APCs. Culture supernatants were collected 24 h after

and peptide immunotherapy in the downregulationstimulation; IL-4 and IL-13 from these supernatants were quanti-
tated by ELISA. of Th2 cytokines.
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Glucocorticoids esterase enzymes may be classified into seven dis-
tinct families based on substrate specificity, inhibi-Glucocorticoids are potent antiinflammatory
tor sensitivity, and sequence homology; PDE3,agents that affect a variety of immune cells. In lym-
PDE4, and PDE7 have been shown to specificallyphocytes, glucocorticoids bind a specific cytoplasmic
regulate cAMP levels (42). We have investigated thereceptor; this complex translocates to the nucleus,
efficacy of selective inhibitors of PDE3 and PDE4 inwhere it is felt to induce the transcription of a num-
antigen-specific T-cell responses. In PBMCs, inhibi-ber of regulatory genes including the IkBa gene. The
tors of the PDE4 isozymes cause dose-dependentproduct of this gene prevents nuclear translocation
downregulation of T-cell proliferative responses andof NF-kB, a trans-acting regulatory protein for proin-
gene expression of proinflammatory cytokines. Theflammatory cytokines including IL-4. Thus, cortico-
low number of antigen-specific target cells in thesesteroids may downregulate allergic inflammatory re-
assays precludes adequate analysis of cytokine se-sponses (40).
cretion (43, 44). However, using phenotypically char-We have used antigen-driven PBMCs and antigen-
acterized T-cell clones, we have demonstrated dose-specific T-cell clones of the Th0, Th1, and Th2 sub-
dependent downregulation of IL-4 and IL-13 proteintypes to conduct a detailed analysis of differential
production by PDE4 inhibitors (Fig. 4); PDE3 inhibi-kinetics and efficacy of corticosteroids (41). Our re-
tors, while capable of elevating intracellular cAMP,sults demonstrated a strong dose-dependent down-
are ineffective in modulating cytokine protein pro-regulation of PBMC responses to a variety of anti-
duction, perhaps due to compartmentalization of cy-gens (IC50 for dexamethasone Å 3 nM); moreover,
clic nucleotide-mediated signals (45). Demonstrationsignificant downregulation of antigen-driven re-
of clinical efficacy for these agents awaits the resultssponses could be achieved even with the addition of
of ongoing phase 2 trials.dexamethasone 36 h after initial antigen stimula-

tion. Analysis of cytokine protein production from
ragweed (Amb a 1)-stimulated Th1 and Th2 clones

Peptide Immunotherapyrevealed dose-dependent downregulation of cyto-
Despite nearly a century of use and proven efficacykines from both T-cell subsets with a panel of cortico-

in the treatment of allergic rhinitis and allergicsteroids (dexamethasone, budesonide, and hydrocor-
asthma, the precise mechanism of immunotherapytisone). Of note, IFN-g production showed a
remains unclear. A number of alterations in immunesignificantly greater sensitivity to inhibition with
function have been documented during immunother-1007 M budesonide and 1006 M hydrocortisone (P Å
apy, including a decline in antigen-specific IgE lev-0.02 and 0.03, respectively) than did IL-4 production.
els, an increase in antigen-specific IgG levels, and aDifferences in IFN-g and IL-4 production in cultures
diminution of antigen-specific lymphocyte respon-with lower doses of corticosteroids were not signifi-
siveness (46). Recently, using mitogen-stimulatedcant (P uniformly ú 0.1) (Fig. 3a). IL-13 secretion
short-term T-cell lines, a number of investigatorsshowed similar, dose-dependent inhibition from ei-
have provided evidence to suggest a phenotypic shiftther Th1 or Th2 clones with any of the three cortico-
in responder T cells from a Th2 population to a Th1steroids; no significant differences between the phe-
population during immunotherapy. These investiga-notypes were observed (P uniformly ú 0.3) (Fig. 3b).
tors have advanced the hypothesis that this shiftThus, the clinical efficacy of corticosteroids may be
accounts for the clinical benefit seen with immuno-due to their downregulatory effects on T-cell-derived
therapy (13, 14). We have recently completed an exproinflammatory cytokine production.
vivo study of antigen-specific T-cell responses from
participants in a randomized, double-blind, placebo-

Phosphodiesterase Inhibitors controlled study of two different doses of a peptide
immunotherapy product (47). In this study, subjectsPhosphodiesterase (PDE) isozymes catalyze the

degradation of intracellular cyclic nucleotides; their were immunized with a combination of two recombi-
nant peptides containing the major epitopes of Felinhibition results in the upregulation of steady-state

cyclic nucleotide levels with activation of specific d 1, the major allergen of cat dander extract. Short-
term T-cell lines were derived from each subject be-protein kinase isoforms. Elevations of cAMP have

been shown to downregulate immunologic responses fore and after immunotherapy, using cat dander ex-
tract, the recombinant peptides, or tetanus toxoidto both mitogenic and antigenic stimuli. Phosphodi-
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(an irrelevant antigen). While antigen-specific T-cell notherapy and underscore the high degree of antigen
specificity of this treatment modality.proliferative responses were unchanged by immuno-

therapy, peptide-induced IL-4 secretion was down-
regulated by immunotherapy. Moreover, this down-
regulation was greater in the high-dose treatment

CONCLUSIONcohort than the low-dose treatment cohort; this ef-
fect correlated closely with clinical outcomes in the
treatment groups. While an inverse trend for IFN- Advances in cellular and molecular methods have

provided essential tools for examining the role ofg production was noted, this did not reach statistical
significance. Finally, significant changes in IL-4 and antigen-specific T cells and cytokines in the regula-

tion of IgE synthesis and the pathogenesis of allergicIFN-g production were not evident in the cell lines
derived with either the more nonspecific cat dander diseases. These and other newly developed tech-

niques will be crucial in our effort to define the differ-extract or the irrelevant tetanus toxoid antigen.
These data support the hypothesis of T-cell pheno- ential regulatory roles of Th1 and Th2 cells in aller-

gic and immunologic diseases. However, it istypic shift as a mechanism for the efficacy of immu-

FIG. 3. (a) Modulation of IFN-g (top) and IL-4 (bottom) secretion by corticosteroids. Cytokine protein, measured by ELISA, is shown
for Th1 (top) and Th2 (bottom) clones stimulated in the presence of three concentrations of each of three steroids (Dex, dexamethasone
1007, 1009, and 10010 M; Bud, budesonide 1007, 1009, and 10010 M; HC, hydrocortisone 1006, 1008, and 1009 M). The data are presented
as the percentage of inhibition { SEM relative to stimulated, steroid-free control cultures. (b) Modulation of IL-13 secretion by
corticosteroids. IL-13 protein, measured by ELISA, is shown for Th1 and Th2 clones stimulated under the same culture conditions
indicated in a. The data are presented as the percentage of inhibition { SEM relative to stimulated, steroid-free cultures.
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imperative that the results obtained from studies of proved understanding of disease pathogenesis and
the contribution of various cell types may belong-term cultured T cells be compared to results

from a more ‘‘physiologic’’ system, such as the mixed achieved with quantitative or in situ PCR in combi-
nation with immunohistochemistry or ELISA forcell population of a disease-targeted organ. An im-

FIG. 4. Modulation of IL-4 (top) and IL-13 (bottom) secretion by PDE inhibitors. Cytokine protein, measured by ELISA, is shown
for each of eight T-cell clones under culture conditions without PDE inhibitors (Drug-Free), with rolipram 1005 M (PDE4 inhibitor),
with siguazodan 1005 M (PDE3 inhibitor), or with both. Shaded symbols, Th0; black symbols, Th1; and white symbols, Th2. Mean
values in pg/ml are shown by the horizontal bars.
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