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Summary
Background CD41 T cells expressing type 2 cytokines have been implicated in the pathogenesis of

asthma to high-molecular-weight allergens. Topical exposure of BALB/c strain mice to low-

molecular-weight chemical contact and respiratory allergens stimulates type 1 and type 2 cytokine

secretion phenotypes, respectively.

Objective To examine the relative frequencies of cytokine-positive CD41 and CD81 T cells and

their contributions to these cytokine secretion profiles.

Methods Draining auricular lymph nodes were isolated 13 days after initiation of topical exposure

of female BALB/c strain mice to chemical allergen, or to vehicle alone. The frequency of intracellular

cytokine (IL-4 and IFN-g)-positive CD41 and CD81 lymphocytes was enumerated by flow

cytometry. The relative contribution of CD41 and CD81 cells to cytokine secretion profiles was

assessed by negative selection.

Results Exposure to allergen resulted in an increased frequency of both IFN-g1 CD41 and CD81

lymphocytes, although there were no marked differences between trimellitic anhydride (TMA)- and

2,4-dinitrochlorobenzene (DNCB)-activated lymph node cells. Treatment with TMA induced

approximately five times as many IL-41 CD41 cells as did exposure to DNCB. This pattern of

cytokine staining was also observed for a further pair of contact and respiratory allergens;

respectively, formalin and fluorescein isothiocyanate.

Conclusion These data demonstrate that the divergent immune responses induced in mice by

different classes of chemical allergen are independent of changes in the frequency of IFN-g1 cells, but

are associated with differential frequencies of IL-4-expressing CD41 T cells.
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Introduction

Although it is generally accepted that IgE antibody is the
principal biological effector of immediate-type hypersensitiv-
ity responses induced by protein allergens, there is no similar
consensus regarding sensitization of the respiratory tract to
low-molecular-weight chemical allergens such as acid anhy-
drides (including trimellitic anhydride (TMA)), isocyanates,
certain reactive dyes and some platinum salts [1–3]. For some
chemical respiratory sensitizers (e.g. acid anhydrides), greater
than 50% of symptomatic patients may display measurable
specific IgE [4, 5]. For other allergens, particularly for some
isocyanates, lower frequencies (5–20%) have been reported [6,
7]. There is increasing evidence, however, that chemical
respiratory sensitization will also be favoured by a polarized
type 2 immune response [8, 9], with reports that eosinophils

and T lymphocytes with a selective type 2 cytokine phenotype
are recruited into the site of inflammation [10, 11].
The initial observations of cytokine polarized T lymphocyte

subpopulations with type 1 or type 2 cytokine profiles were
confined to the CD41 subset [12]. It is now apparent that
CD81 T cells also display functional heterogeneity and
differentiated cytokine expression. The populations desig-
nated type 1 express preferentially IL-2 and IFN-g, whereas
type 2 subsets secrete IL-4, IL-5, IL-10 and IL-13 [13]. There
is considerable evidence to support a role for the involvement
of CD41 type 2 cells both in atopic allergic asthma and in
non-atopic and occupational asthma [9, 14]. For example, in
tissue samples from asthma patients, bronchial mucosal
expression of IL-4 and IL-5 mRNA co-localized to CD31 T
cells, the majority of which were CD41 [15]. Furthermore,
allergen-induced IL-5 secretion by peripheral lymphocytes
isolated from atopic patients with asthma or rhinitis
compared with non-atopic control subjects was found to be
dependent upon CD41, but not CD81, T cells [16]. CD81 T
cells may influence also allergic respiratory hypersensitivity
reactions. In several studies IFN-g- or IFN-g-secreting CD81
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cells, but not type 2 CD81 cells, have been identified in the
peripheral blood of allergic patients [17, 18]. There are other
reports suggesting that equivalent frequencies of peripheral
blood CD41 and CD81 T cells producing type 1 and type 2
cytokines are observed in asthmatic subjects [19].
There is little information available as to the likely

contributions of these cell types to the development of
chemical respiratory sensitization in humans although it has
been reported that all T cell clones generated from the
peripheral blood of isocyanate-sensitized workers were IFN-g-
secreting CD81 cells, some of which also expressed IL-5 [20].
Rodent models have been established to characterize the
immune response to chemical respiratory sensitizers and may
be useful for the prospective identification of the respiratory
sensitizing hazard of new chemicals. In such experiments, the
acid anhydride TMA has been utilized as a reference chemical
respiratory allergen as it is a relatively common cause of
occupational immunological lung disease in which patients
may present with early and/or late onset asthma and rhinitis
or with late respiratory systemic syndrome, a disease similar
to hypersensitivity pneumonitis [21]. Thus, topical exposure
of BALB/c strain mice to TMA, results in the induction of a
selective type 2 cytokine secretion profile [22, 23]. It was
demonstrated by negative selection that the type 2 cytokines
were associated exclusively with CD41 T cells, whereas low
level IFN-g expression was a property of CD81 T cells [23,
24]. Identical exposure to skin sensitizing chemicals such as
2,4-dinitrochlorobenzene (DNCB), that cause delayed-type
hypersensitivity reactions but lack the potential to cause
respiratory sensitization, elicits the converse type 1 cytokine
secretion profile, with high levels of IFN-g derived from both
CD41 and CD81 T cells [22–24]. In these experiments, the
topical route of exposure rather than exposure by inhalation
was selected because of the accessibility and extent of
activation of the lymph nodes that drain the site of application.
The evidence to date suggests that both CD41 and CD81

cell subsets may play influential roles in chemical respiratory
allergy. In the current series of experiments, cytokine-positive
CD41 and CD81 cells induced by different classes of
chemical allergen have been enumerated using intracellular
cytokine staining. The identity of cytokine-secreting cells has
been confirmed by negative selection.

Materials and methods

Animals

Female (6–12 weeks old) BALB/c strain mice (Specific
Pathogen Free Breeding Unit, Alderley Park, Macclesfield,
UK) were used. Food (SDS PCD diet; Special Diets Services
Ltd, Essex, UK) and water were available ad libitum. The
temperature was maintained at 21 � 2 1C and relative
humidity was 55 � 10% with a 12h light/dark cycle.

Chemicals

TMA (97% pure) was supplied by Aldrich Chemical Co.
(Gillingham, Dorset, UK). DNCB (98% pure), fluorescein
isothiocyanate (FITC) isomer I (90% pure) and formalin
(37% formaldehyde) were obtained from Sigma Chemical
Co. (St Louis, MO, USA). TMA, DNCB and formaldehyde

were dissolved in 4 : 1 v/v acetone : olive oil (AOO) and FITC
was formulated in 1 : 1 v/v acetone : dibutyl phthalate (ADBP)
and were prepared freshly prior to dosing.

Sensitization

Groups of mice (n5 5) received 50mL of 10% TMA, 1%
DNCB or 50% formaldehyde in AOO, or 0.25% FITC in
ADBP on each shaved flank. Control animals were treated
concurrently with vehicle alone. Five days later this treatment
was repeated. After a further 5 days, 25mL of chemical or
vehicle alone was applied to the dorsum of both ears daily for
3 consecutive days.

Preparation of cells from the draining lymph nodes

Draining (auricular) lymph nodes were excised into RPMI
1640 medium (GibcoBRL, Renfrewshire, UK) supplemented
with 10% heat-inactivated fetal calf serum (FCS), 2mM

L-glutamine (GibcoBRL), 400mg/mL streptomycin and
400mg/mL ampicillin (Sigma Chemical Co.) (RPMI-FCS)
and pooled on an experimental group basis. A single cell
suspension of lymph node cells (LNC; 107 cells/mL) was
prepared under aseptic conditions by mechanical disaggrega-
tion through 200-mesh stainless-steel gauze.

Intracellular cytokine staining and flow cytometric analysis

Cells were incubated with phorbol myristate acetate (PMA;
Sigma Chemical Co.) (50ng/mL) and ionomycin (Sigma
Chemical Co.; 500ng/mL) for 3 h. Brefeldin A (1mg/mL)
(Sigma Chemical Co.) was added for the final 1.5 h. Cells
(2 � 106 in 100mL) were washed twice in FACS buffer (0.1%
bovine serum albumin (BSA; Sigma Chemical Co.)/PBS/
0.05% sodium azide) and incubated for 10min (4 1C) with
10mg/mL rat anti-mouse CD16/32 (clone 2.4G2, rat IgG2bk;
Pharmingen, San Diego, CA, USA). Cells were washed in
FACS buffer and incubated with optimal (typically 1mg per
106 cells) concentrations of Tri-colour (TC)-conjugated rat
monoclonal anti-mouse CD8 antibody (clone 3B5; Caltag,
Burlingame, CA, USA), phycoerythrin (PE)-labelled anti-
CD8 antibody (Ly-2, clone 53–6.7; Pharmingen) or FITC-
labelled anti-CD4 antibody (L3T4, clone H129.19; Pharmin-
gen) for 30min on ice, washed, fixed in 2% paraformaldehyde
in PBS and permeabilized with 0.1% saponin (Sigma
Chemical Co.). Cells were incubated for 30min at room
temperature with fluorochrome-labelled anti-cytokine anti-
bodies (anti-IFN-g PE, clone XMG1.2; anti-IL-4 allophyco-
cyanin (APC), clone 11B11; Pharmingen) or isotype controls
in 0.1% saponin/FACS buffer. The following combinations
of antibodies were analysed: anti-IL-4 APC with anti-CD4
FITC or anti-CD8 PE; anti-IFN-g PE with anti-CD4 FITC
or anti-CD8 TC. Labelled populations were analysed using a
FACsCalibur flow cytometer (Becton Dickinson, Mountain
View, CA, USA) using CellQuest Pro software. An intact
lymphocyte cell gate was set on cell size (forward scatter;
FSC) and cell granularity (side scatter; SSC) [25]. For each
sample, data from 1.5 � 105 cells were acquired and CD41

IFN-g1 or IL-41 and CD81 IFN-g1 or IL-41 cells were
gated and quantified as a percentage of the intact lymphocyte
pool. The frequency of positive cells in the isotype control-
treated sample was subtracted from the frequency of positive
cells in the cytokine-stained population.
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Complement depletion of CD41 and CD81 T cells from
lymph node cells

LNC were incubated at 2 � 107 cells/mL at 4 1C for 45min
with 4mg/mL rat monoclonal anti-L3T4 (anti-mouse CD4;
clone YTS 191.1.2, Harlan SeraLab, Crawley Down, UK),
anti-Lyt.2 (anti-mouse CD8; clone YTS 169.4, Harlan
SeraLab) or with rat IgG2b myeloma protein (Serotec,
Kidlington, UK) diluted in RPMI-FCS. Lymphocyte popula-
tions were washed, resuspended in RPMI-FCS with 10% low
toxicity rabbit complement (Harlan SeraLab) and incubated
for 45min at 37 1C in a humidified atmosphere of 5% CO2 in
air. Cells were washed and viable cell counts performed by
exclusion of 0.5% trypan blue. The extent of CD41 and
CD81 depletion was assessed by flow cytometric analysis as
described above. Non-viable (propidium iodide permeable)
cells were excluded from the analysis.

Culture of lymph node cells

Cells (1mL) at 107 cells/mL in RPMI-FCS were cultured at
37 1C in a humidified atmosphere of 5% CO2 in air in the
presence or absence of 2mg/mL of concanavalin A (con A;
Sigma Chemical Co.). Culture was terminated after 24 h (in
the presence of con A) or after 120h (in the absence of con
A), supernatants collected and stored at � 70 1C.

Cytokine determinations

The IL-4 content of culture supernatants derived from con
A-stimulated LNC and IL-5, IL-10, IL-13 and IFN-g content
of supernatants derived in the absence of con A were
measured by sandwich ELISAs [22]. Optical density at
450 nm was measured using an automated reader (Multiskan,
Flow Laboratories, Irvine, Ayrshire, UK). A standard curve
derived with murine recombinant cytokine and associated
computer software (Genesis, Life Sciences International Ltd,
Basingstoke, UK) were used to calculate the cytokine
concentration in supernatants. Standard errors were less than
10% in most experiments.

Statistical analyses

Cytokine secretion data were evaluated using two-way ANOVA

following logarithmic transformation, allowing for the
replicate structure of the experimental design. The statistical
significance of differences between experimental groups was
calculated by comparison of individual group means using a
two-sided Student’s t-test.

Results

Animals were exposed topically to concentrations of DNCB
(1%) and TMA (10%) that have been shown previously to
induce equivalent levels of immunogenicity with respect to
lymph node activation, measured as a function of increases in
lymph node total cellularity and proliferation [22]. The
frequencies of cytokine-positive CD41 and CD81 cells in
draining lymph nodes isolated following exposure to AOO

vehicle, to DNCB or to TMA were enumerated. The staining
pattern of cytokine-positive cells is illustrated as dot plots in
Figs 1 and 2 (representative experiments). The relative
proportions of cytokine-expressing CD41 and CD81 cells
have been enumerated in allergen-activated and vehicle
control LNC populations (Fig. 3; mean and SE, n5 5
experiments). As reported previously [24], the LNC popula-
tion isolated from vehicle-treated BALB/c strain mice
comprised approximately 35% CD41 and 15% CD81 cells,
and exposure to allergen was without effect on CD41 and
CD81 cell numbers. A distinct population of CD81 cells with
relatively high expression of CD8 molecules was recorded in
all LNC populations using both anti-CD8 PE- or -TC-
conjugated antibodies. Relatively low level CD4 receptor
expression was observed for all populations when measured
using anti-CD4 FITC- or -TC-conjugated antibodies,
although it was still possible to differentiate the CD41 and
CD4� fractions. Between 0.7% and 3.9% CD41 cells
isolated from AOO-treated mice were IFN-g1 compared
with 6.2–27.5% of CD81 cells. Topical treatment with either
allergen resulted in an increased frequency of CD41 and
CD81 IFN-g cells. The proportion of IFN-g1 CD41 cells
varied from 1.4% to 8.4%, and from 1.7% to 5.6%, in
DNCB- and TMA-activated LNC populations, respectively.
Exposure to allergen resulted in at least a twofold increase in

Fig. 1. IFN-g-expressing allergen-activated lymph node cells (LNC). LNC
were isolated after exposure to acetone : olive oil vehicle (a, b), 1% 2,4-
dinitrochlorobenzene (c, d) or to 10% trimellitic anhydride (e, f) and stained
for CD4 and CD8 and intracellular IFN-g expression. FL1-FITC CD41 vs.
FL2-PE IFN-g log dot plot (a, c, e) and a FL3-TC CD81 vs. FL2-PE IFN-g1

log dot plots are shown (b, d, f) for a representative experiment with
percentages of cytokine-positive cells.
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IFN-g1 CD41 cell numbers, with responses to DNCB
somewhat more vigorous than those stimulated by TMA.
High frequencies of IFN-g1 CD81 cells were recorded in
allergen-activated LNC populations, ranging from 12.7% to
66.4%. Similar numbers of IFN-g1 CD81 cells were observed
in LNC populations derived from TMA- and DNCB-exposed
mice. Relatively low frequencies of IL-41 T cells were
detected in all LNC subsets. Less than 0.25% IL-41 CD81

were recorded for cells derived from vehicle- and allergen-
treated animals. Similar very low numbers of IL-41 CD41

cells were found in LNC isolated from vehicle-exposed
animals. Treatment with DNCB also resulted in the
identification of relatively low numbers of IL-41 CD41 cells.
Exposure to TMA, however, was associated with a marked
up-regulation of IL-41 CD41 cell numbers, with an average
fivefold increase in cytokine-expressing cells compared with
DNCB-stimulated LNC. Comparisons of the relative propor-
tions of type 1 and type 2 cytokine-expressing CD41 cells in
DNCB- and TMA-activated LNC populations revealed that
the average ratio of IFN-g1 cells to IL-41 cells was 28 : 1
(ranging from 3 : 1 to 70 : 1) and 1.2 : 1 (ranging from 0.7 : 1 to
1.8 : 1), respectively.
The relative contribution of CD41 and CD81 cells to the

divergent cytokine secretion profiles stimulated by repeated
application of allergen was examined by complement deple-
tion. Populations were analysed by flow cytometry to
determine percentage depletion; depleted populations routi-
nely contained less than 5% contaminating cells. Consistent

with previously published data [23, 24], TMA-activated LNC
displayed a type 2 phenotype with high levels of mitogen-
inducible IL-4 and spontaneous IL-5, IL-10 and IL-13
secretion, but relatively low levels of the type 1 cytokine
IFN-g (Fig. 4). Depletion of CD81 cells had little impact on
type 2 cytokine production, whereas loss of the CD41

fraction abrogated expression of these cytokines. IFN-g
secretion, however, was associated with the CD81 cell
population. Levels of type 2 cytokines elaborated by
DNCB-stimulated LNC were too low for the accurate
determination of the contribution of CD41 and CD81 cell
phenotypes (data not shown). Relatively vigorous IFN-g
expression was observed for isotype control treated DNCB-
activated LNC (Fig. 5). The contribution of CD41 and CD81

cells to this type 1 phenotype was variable, with both subsets
associated with IFN-g secretion. In two of four experiments,
depletion of CD41 cells resulted in an almost complete loss of
production of this cytokine, although in the remainder of the
experiments, depletion of CD81 cells had a greater impact on
IFN-g expression.
The impact of exposure to other allergens on the frequency

of cytokine-positive cells has been investigated. Mice received
topical applications of the reference allergens DNCB and
TMA, or the contact allergen formaldehyde (50%) and

Fig. 2. IL-4-expressing allergen-activated lymph node cells (LNC). LNC
were isolated after exposure to acetone : olive oil vehicle (a, b), 1% 2,4-
dinitrochlorobenzene (c, d) or to 10% trimellitic anhydride (e, f) and stained
for CD4 and CD8 and intracellular IL-4 expression. FL1-FITC CD41 vs.
FL4-APC IL-41 log dot plot (a, c, e) and a FL2-PE CD81 vs. FL4-APC IL-41

log dot plots are shown (b, d, f) for a representative experiment with
percentages of cytokine-positive cells.
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0.25% FITC, a sensitizing isocyanate that is associated with a
type 2 phenotype [23] (Fig. 6). Exposure to both DNCB and
TMA resulted in an increased frequency of CD41 and CD81

IFN-g1 cells, but only treatment with TMA resulted in a
marked elevation in IL-41 CD41 cells. Similar numbers of
CD41 and CD81 IFN-g1 cells were recorded after exposure
to formaldehyde and FITC, but FITC treatment resulted in a
very profound increase in IL-41 CD41 cells (approximately
10%) compared with vehicle-treated control cells.

Discussion

The data reported here suggest a complicated picture of the
relative contributions of CD41 and CD81 T cells to the
cytokine phenotype induced in mice by chemical allergens.
Treatment with either class of chemical allergen resulted in an
increased frequency of both CD41 and CD81 cells expressing
IFN-g compared with vehicle-treated controls. However, only
respiratory allergen-activated LNC populations displayed a
marked elevation in the number of IL-41 CD41 cells, with no
evidence of the induction of CD81 cells with type 2
phenotype. CD41 cells were confirmed as the source of the
preferential type 2 cytokine secretion profile induced by
exposure to respiratory allergens [23, 24]. Similar results were
reported by others when cytokines were measured following

topical exposure of BALB/c strain mice to the respiratory
sensitizing diisocyanate hexamethylene diisocyanate, with
type 2 cytokines expressed by CD41 cells only, although
IFN-g production was a property of both subsets [26].
Although both classes of chemical allergen provoked similar
increases in both CD41 and CD81 IFN-g cell frequencies,
only the CD8 subset contributed to the relatively low levels of
this cytokine secreted by respiratory allergen-activated LNC.
Both subsets contributed to the relatively large amounts of
IFN-g elaborated by contact allergen-activated LNC, despite
the frequency of IFN-g1 CD81 cells being considerably
higher (approximately 50–60%) than the IFN-g1 CD41

subset (approximately 5%). Thus, the induction of a type 1
phenotype with respect to increased IFN-g cell frequency is
apparently a consequence of allergen activation per se, but the
expression of this phenotype is regulated at the level of
secretion. It has been reported previously that following
stimulation in vitro with PMA, although a similar percentage
of IFN-g-producing cells was recorded in children with atopic
dermatitis compared with normal controls, levels of secreted
product were significantly lower in atopics, suggesting post-
translational differences in the regulation of IFN-g produc-
tion [27]. The failure of IFN-g cells in TMA-activated LNC
populations to secrete high levels of this cytokine is not
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simply because of the fact that the high levels of type 2
cytokines expressed by this population inhibit IFN-g secre-
tion as depletion of type 2 cytokine-expressing CD41 cells did
not result in the induction of similar levels of IFN-g to those
observed following exposure to chemical contact allergens.
In order to detect intracellular cytokine, it was necessary to

restimulate in vitro with mitogen and to block secretion with
brefeldin A (data not shown). This is consistent with the
experience of others using human tissue, with only low or
undetectable frequencies of cytokine-positive cells detected in
the absence of restimulation [18, 19]. A consequence of the
requirement for restimulation is the down-regulation of CD4
expression; it has been reported previously that culture of
mouse peripheral T cells with PMA/ionomycin results in the
complete loss of surface CD4 for up to 24h [28]. The extent of
loss of expression of this membrane determinant in the
experiments described herein did not, however, compromise
detection of CD41 cells. As the cells have to be restimulated
with PMA/ionomycin to induce detectable intracellular
cytokine expression, the important comparisons are between
cells derived from quiescent lymph nodes and those derived
from allergen-treated mice. Clear increases in both IL-41 and
IFN-g1 cells were recorded following treatment with allergen;
for the former, such increases were in the absence of the
detection of a significant population of cytokine-positive cells
in control (resting) lymph nodes. Between 0.7% and 3.9%
IFN-g1 CD41 cells and 6.2% to 27.5% IFN-g1 CD81 cells
were isolated from control (AOO)-treated mice. Given that
such quiescent LNC populations do not secrete high levels of
this cytokine spontaneously it is possible that the intracellular
IFN-g detected could be wholly the consequence of restimu-
lation in vitro, or it could be that IFN-g expression is
regulated at the level of secretion [27]. Following treatment

with allergen, LNC populations are, however, sufficiently
activated to secrete spontaneously type 1 or type 2 cytokines
(IL-5, IL-10, IL-13 or IFN-g) without a requirement for
restimulation in vitro. For the expression of IL-4 by
respiratory allergen activated LNC, it is necessary for LNC
to be cultured in the presence of the mitogen con A. Mitogen
activation per se does not result in IL-4 production, as LNC
derived from naı̈ve or vehicle-treated mice fail to express
detectable IL-4 despite the presence of con A. The inability to
detect IL-4 production in the absence of stimulation with con
A may be because of reuptake of this cytokine; indeed it has
been reported that the use of anti-IL-4 receptor antibodies to
block reutilization enhances IL-4 detection [29].
The polarized cytokine profiles induced in mice by different

classes of chemical allergen (respiratory or contact sensitizers
such as TMA or DNCB, respectively) require repeated
exposure to antigen to develop, reflecting the evolution of
differentiated T cell function with time. Acute (3 days)
treatment with allergen stimulates a mixed cytokine pheno-
type, with IL-4 and IFN-g expression by both DNCB- and
TMA-activated LNC. It is only after more prolonged (13
days) exposure that divergent type 1 and type 2 cytokine
secretion patterns are observed [30]. A central question is
what are the early events that result in the induction of these
differential cytokine profiles. There is a growing appreciation
that dendritic cells (DC) may play a pivotal role [31, 32]. DC
display a degree of functional plasticity that can be
programmed by microenvironmental conditions and, in
particular, by exposure to foreign antigen. For instance,
toxin from the bacterium Bordetella pertussis triggered DC to
stimulate preferential type 1 T cell development, whereas an
extract from the helminth parasite Shistosoma mansoni
induced DC that promoted the development of type 2
cytokine-expressing T cells [33]. Such ‘differentiated’ DC
subsets have been termed DC1 and DC2 [31, 32]. The
functional polarization of DC induced by the antigenic
environment in turn stimulates a polarization of T lympho-
cyte function. We speculate that chemical sensitizers are being
misread by DC as being characteristic of a particular class of
pathogenic micro-organism, and, as a consequence, inducing
selective T lymphocyte responses. Indirect evidence in support
of this hypothesis comes from studies that have revealed that
DNCB and TMA differ with respect to the tempos of induced
LC migration and DC accumulation in draining lymph
nodes. Application of DNCB induces the rapid loss of LC
from the skin whereas treatment with TMA results in delayed
kinetics of migration of LC and subsequent accumulation in
the draining lymph nodes of DC [34]. However, a general
causative relationship between the dynamics of LC migration
and the quality of immune response elicited by a chemical
allergen remains unproven.
There are many other factors that could contribute to the

selective cytokine profiles induced by DNCB and TMA.
Among these are antigen dose, toxicity, solubility and skin
penetration. In order to control for some of these variables,
DNCB and TMA have been dosed in the same vehicle at
concentrations (1% and 10%, respectively) that provoke
similar levels of immunogenicity with respect to induction of
equivalent levels of LNC proliferation [22]. The fact that both
chemicals, in the absence of local or systemic toxicity,
stimulate marked proliferative responses of similar magnitude
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Fig. 6. Frequency of cytokine-expressing allergen-activated lymph node
cells (LNC): comparisons with FITC and formaldehyde. The frequency
of IFN-g1 and IL-41 CD41 and CD81 cells was enumerated in 2,4-
dinitrochlorobenzene (DNCB)-, trimellitic anhydride (TMA)-, formaldehyde
(HCHO)-, fluorescein isothiocyanate (FITC)- and vehicle (acetone : olive oil
(AOO) or acetone : dibutyl phthalate (ADBP))-stimulated LNC populations.
IFN-g1 CD41 (a), IFN-g1 CD81 (b), IL-41 CD41 (c) and IL-41 CD81 (d)
cells are shown (mean and range of two independent experiments).
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in the lymph node draining the site of topical exposure suggests
that the divergent cytokine responses observed are independent
of differences in solubility or skin penetration. Further
evidence that DNCB and TMA possess intrinsic properties
that stimulate divergent cytokine responses comes from studies
in other rodents (Brown Norway rats) in which preferential
type 1 and type 2 cytokine profiles are observed, respectively
[22]. Antigen dose may be more relevant for understanding the
mechanisms of chemical-allergen-induced cytokine skewing. It
has been reported previously that for a single protein antigen,
dose, in the context of antigen load on the antigen-presenting
cell, can have a profound impact on polarization of cytokine
responses [35]. In these experiments, priming with high doses
of antigen lead to type 1 cytokine expression whereas low dose
antigen preferentially induced type 2 cells.
The observation that exposure of mice to chemical

respiratory allergens induces a marked increase in IL-41

CD41 cells, but not in IL-41 CD81 cells, is consistent with
the experience of many investigators that have examined the
cellular provenance of type 2 cytokines induced in patients
with asthma or atopy to protein allergens [15, 16, 18, 36].
There are other reports, however, that have identified both
CD41 and CD8 cells as potential sources of type 2 cytokines
[19]. The reasons for the conflicting observations regarding
type 2 cytokine-expressing cells are unclear, but may relate to
the disease status (exacerbated vs. stable state), source of cells
(peripheral blood vs. bronchoalveolar lavage), polyclonal vs.
specific stimulus of cells or the age of subjects. In sequential
studies using the same donors it has been reported for
example that concurrent viral infection influences type 1/type
2 cytokine expression patterns [37]. An IFN-g- or IFN-g-
secreting CD81 cell population has also been observed in the
peripheral blood of asthmatic subjects [18, 19, 36]. Similar
studies have not been conducted with tissue derived from
individuals with respiratory sensitization to low-molecular-
weight chemicals, although it has been reported recently that
the majority of T cell clones generated from the peripheral
blood of isocyanate-sensitized workers were IFN-g-secreting
CD81 cells [20]. It has been speculated that this population
may play an immunoregulatory role, suppressing eosinophilic
and IgE-mediated inflammatory reactions. Other studies have
demonstrated that chemokine production, particularly the
expression of monocyte-chemoattractant protein-1 that has
histamine-releasing properties, by peripheral mononuclear
cells may play a role in the pathogenesis of occupational
asthma to diisocyanates [38, 39].
In summary, these data demonstrate that the divergent

immune responses induced in mice by different classes of
chemical allergen are independent of changes in the frequency
of IFN-g1 cells, but are associated with an increased
frequency of IL-4-expressing CD41 Th cells in respiratory
allergen-activated LNC populations. The vigorous IFN-g
production by contact allergen-activated LNC is likely to be
regulated at the level of protein secretion.
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