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Role of CD4™ T helper 2-type cells in cutaneous inflammatory responses induced

by fluorescein isothiocyanate

R. J. DEARMAN & 1. KIMBER Zeneca Central Toxicology Laboratory, Alderley Park, Macclesfield, Cheshire, UK

SUMMARY

Owing to its skin-sensitizing and fluorochromatic properties, fluorescein isothiocyanate (FITC) is
employed frequently as an experimental hapten in mechanistic studies of contact allergy,
particularly in the context of the role of migration and activation of Langerhans’ cells. In this study
we demonstrated that topical exposure of mice to FITC results in the selective development of
activated lymph node cells (LNC) expressing a preferential type 2 cytokine-secretion profile, with
high levels of interleukin (IL)-4 and IL-10, but low levels of interferon-y (IFN-y). Negative selection
(complement depletion) identified CD4* T helper (Th)2-type cells as the primary source in
activated LNC of the type 2 cytokines IL-4 and IL-10, whereas the low levels of IFN-y produced
were derived exclusively from CD8™" T cytotoxic (Tc) 1-type cells. A biphasic pattern of cutaneous
inflammatory reactions was elicited by exposure to FITC, the early phase of which could be
transferred passively with serum (presumably immunoglobulin E [IgE] antibody), whereas adoptive
transfer experiments demonstrated that Th2-type CD4 ™ cells were responsible for the delayed-type
component of the dermal hypersensitivity reaction. In contrast with contact allergic reactions
induced by other sensitizing haptens, which are considered to be largely Th1/Tcl-mediated immune
processes regulated by Th2-type cells, these results suggest therefore that the skin lesions provoked

in mice by FITC are primarily a result of the activation of Th2-type cells.

INTRODUCTION

The development of allergic responses is, to a large extent,
orchestrated by T-cell subsets and their cytokine products.
Delayed-type hypersensitivity (DTH) reactions, such as
chemical contact allergy, are regarded usually as cell-mediated
immune responses, and T helper (Th)l-type cells have been
implicated frequently, but not invariably, as the principal
effector cell.' Thus, cutaneous inflammatory responses to
soluble, particulate and allogeneic antigens have been adop-
tively transferred by Thl clones, but not by Th2 clones of
identical specificity.'> Furthermore, such DTH responses have
been shown to be dependent upon production of the type 1
cytokines interferon-y (IFN-y) and interleukin (IL)-2,*° and in

Received 24 May 2000; revised 26 July 2000; accepted 2 August
2000.

Abbreviations: AOO, acetone : olive oil; DBP, dibutyl phthalate :
acetone; DNCB, 2.4-dinitrochlorobenzene; DNFB, 2,4-dinitrofluoro-
benzene; DTH, delayed-type hypersensitivity; FITC, fluorescein
isothiocyanate; LNC, lymph node cell;, MDI, diphenylmethane
diisocyanate; PCA, passive cutaneous anaphylaxis; TMA, trimellitic
anhydride.

Correspondence: Dr Rebecca J. Dearman, Zeneca Central
Toxicology Laboratory, Alderley Park, Macclesfield, Cheshire,
SK10 4TJ, UK.

442

mice lacking the CD4 gene, contact sensitization is subopti-
mal.® Conversely, Th2 cells and their cytokine products are
associated generally with the induction of immediate-type
hypersensitivity reactions such as asthma, with the type 2
cytokines IL-4 and IL-5 promoting, respectively, the produc-
tion of immunoglobulin E (IgE) antibody and the development
and recruitment of eosinophils,7’9 and Th2-cell clones transfer-
ring passively airway hyper-responsiveness and pulmonary
eosinophilia in experimental animals.'® Indeed, T cells derived
from the airways of patients with allergic asthma (by using
bronchoalveolar lavage or bronchial biopsy) have been shown
to express elevated levels of mRNA for these cytokines, such
that the frequency of type 2 cells correlated positively with
tissue eosinophilia.''*!?

In recent years, however, it has become apparent that
CD8™" T cytotoxic (Tc) cells also display functional hetero-
geneity analogous to that observed for CD4" Th cells, with
two populations designated Tcl and Tc2 that exhibit
differentiated cytokine phenotypes comparable with Thl and
Th2 cells, respectively.!>™'® There is evidence also that CD8 "
cells may play a role in the pathogenesis of allergic disease,
particularly in the expression of chemical contact hypersensi-
tivity. It has been shown, for example, using in vivo monoclonal
antibody depletion, that whereas DTH responses to protein
and cellular antigens are mediated by CD4 ™" effector cells, with
CDS8™ cells having a down-regulatory function, responses to
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chemical haptens such as dinitrofluorobenzene (DNFB) were
effected by both CD4" and CD8™ cells, with a subpopulation
of CD4™" cells playing a down-regulatory role.'® It has been
reported also that at least two different T-cell subsets are
required for the successful transfer of contact sensitivity to
chemical allergens, a CD4% aff* IL-2-producing subset and a
CD8" y8* IFN-y-producing subset.'”'® Other investigators,
however, have observed that the cutaneous hypersensitivity
responses provoked by contact allergens such as DNFB or
trinitrochlorobenzene are mediated by IFN-y-producing
CD8* cells exclusively, with Th2-type CD4% cells down-
regulating this response,'®>' and that the inflammatory
reaction was mediated through the cytotoxic activity of the
CD8 ™ T cells.*? It should be recognized also that under certain
circumstances both Tcl and Tc2 cells may contribute to dermal
hypersensitivity reactions. Therefore, allospecific Tcl and Tc2
cells, when injected into the footpads of naive allogeneic
recipient mice, stimulated antigen-specific inflammation of
comparable levels and with similar kinetics.?*

CD8" T cells may also influence allergic respiratory
hypersensitivity reactions. There is some limited evidence to
suggest that Tc2-type cells may be necessary for ovalbumin-
induced airway reactions in mice, as CD8-cell depletion
prevented antigen-induced airway hyper-responsiveness and
lung eosinophilia in this model.?* There is, however, a
substantial body of evidence that CD8" cells are able to
inhibit IgE antibody responses, particularly those provoked by
inhaled protein allergen. Here, down-regulation of IgE
production has been shown to be largely or wholly a function
of a small population of y8" T cells that express high levels of
IFN-y upon in vitro challenge with specific antigen.>> There is
little or no information available as to the probable contribu-
tions of these cells to the development of respiratory
hypersensitivity to chemical respiratory allergens.

Clearly, the evidence to date suggests that both CD4*- and
CD8 " -cell subsets may have the potential to play influential
roles in chemical allergy. In the current investigations we have
characterized in greater detail the cellular basis for cutaneous
immune and inflammatory responses provoked by the skin-
sensitizing fluorochrome, fluorescein isothiocyanate (FITC).
As a result of its fluorochromatic properties, which facilitate,
for example, the tracking of antigen-bearing cells from the skin
to the draining lymph nodes, this material has been used for
many years as an experimental probe in mechanistic studies of
chemical contact hypersensitivity.?%?’ However, it has been
demonstrated recently, that under conditions where FITC
induces a DTH cutaneous response, restimulation in vitro of
activated draining lymph node cells (LNC) resulted in a
predominance of IL-4-secreting cells compared with IFN-y-
expressing cells, suggestive of a type 2 phenotype of cytokine
expression, although the cellular provenance of cytokine
production was not examined.”® In the current series of
experiments, the relative contributions of CD4" and CD8™
cells to the cytokine-secretion profile and cutaneous inflam-
matory reactions induced by FITC were examined in detail.
The cytokine production phenotype elicited by FITC was
compared with the type 1 and type 2 profiles stimulated by the
reference contact allergen 2,4-dinitrochlorobenzene (DNCB)
and the reference respiratory allergen trimellitic anhydride
(TMA), respectively.”-*
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MATERIALS AND METHODS

Mice

Young adult (6-12 weeks old) female BALB/c mice (Harlan
Seralab, Bicester, Oxfordshire, UK) were used throughout
these studies. Mice were housed in metal cages, and food (SDS
PCD pelleted diet; Special Diets Services Ltd, Witham, Essex,
UK) and water were available ad [libitum. The ambient
temperature was maintained at 21+2° and relative humidity
was 55+10% with a 12-hr light/dark cycle. All experiments
were carried out under the provisions of the Animals (Scientific
Procedures) Act, 1986.

Chemicals

DNCB (98% pure) and FITC isomer I (90% pure) were
obtained from Sigma Chemical Co. (St Louis, MO). TMA
(97% pure) was supplied by Aldrich Chemical Co. (Gillingham,
Dorset, UK). FITC and TMA were stored under anhydrous
conditions. TMA and DNCB were dissolved in 4:1 acetone :
olive oil (AOO) and FITC was prepared in 1:1 dibutylphtha-
late : acetone (DBP). Solutions were prepared freshly immedi-
ately prior to dosing.

Sensitization of mice for LNC preparation

Groups of mice (n=>5 for chemical; n=10 for vehicle) received
50 ul of different concentrations of FITC in DBP, 10% TMA in
AOO or 1% DNCB in AOO, bilaterally on each shaved flank.
Control animals were treated concurrently with AOO or DBP
vehicle alone. Five days later this treatment was repeated. After
a further 5 days, 25 pl of chemical or vehicle alone was applied
to the dorsum of both ears, daily for three consecutive days.

Preparation of cells from draining lymph nodes

Thirteen days after the initiation of treatment, draining
auricular lymph nodes were excised and pooled for each
experimental group. A single-cell suspension of LNC was
prepared under aseptic conditions by gentle mechanical
disaggregation through sterile 200-mesh stainless steel gauze.
Viable cell counts were performed by exclusion of 0-5% Trypan
Blue, and LNC were cultured in RPMI-1640 growth medium
(Gibco, Paisley, Strathclyde, UK) supplemented with 25 mm
HEPES, 400 pug/ml of streptomycin, 400 pg/ml of ampicillin
and 10% heat-inactivated fetal calf serum (FCS) (RPMI-FCS).

Complement depletion of CD4* and CD8* T cells from LNC
LNC, prepared as described above, were incubated at a
concentration of 2 x 107 cells/ml at 4° for 45 min with 4 pg/ml
of rat monoclonal anti-L3T4 (anti-mouse CD4; clone YTS
191.1.2) or anti-Lyt.2 (anti-mouse CD8; clone YTS 169.4)
diluted in RPMI-FCS. Both antibodies were of immunoglo-
bulin G2b (IgG2b) isotype and were obtained from Harlan
SeralLab (Crawley Down, Sussex, UK). Control preparations
were incubated with the same concentration of rat IgG2b
myeloma protein (Serotec, Kidlington, Oxfordshire, UK)
diluted in RPMI-FCS. Lymphocyte populations were washed
once and resuspended in RPMI-FCS supplemented with 10%
low-toxicity rabbit complement (Harlan SeralLab, Crawley
Down, UK) and incubated for a further 45 min at 37° in a
humidified atmosphere of 5% CO, in air. Cells were washed
twice and viable cell counts were performed by exclusion of
0-5% Trypan Blue. The extent of CD4* and CD8™" depletion
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was assessed by flow cytometric analysis. Aliquots of cells
(1 x 10%) were incubated (for 30 min in the dark at 4°) with 5 pl
of anti-CD4-phycoerythrin, 5 pl of anti-CDS8-FITC or 5 ul of
isotype-matched controls (all antibodies were obtained from
Serotec). Cells were washed twice (at 200 g for 5 min) with
phosphate-buffered saline (PBS) containing 0-5% bovine serum
albumin (BSA) and 0-5 ng of propidium iodide, and then
resuspended in 500 pl of PBS containing 1% paraformalde-
hyde. Labelled populations were analysed in a fluorescence-
activated cell sorter (FACsCalibur flow cytometer; Becton-
Dickinson, San Jose, CA) using CELLQUEST software. Non-
viable (propidium iodide permeable) cells were excluded from
the analysis.

Adoptive transfer of LNC and measurement of cutaneous
inflammation

Naive recipient animals (n=3) received (by intravenous
injection) 500 ul of RPMI-FCS medium alone or different
concentrations of CD4* depleted, CD8* depleted or control
populations of FITC-activated LNC. The ear thickness of all
mice was measured using an engineers’ micrometer (Wright &
Moore, Sheffield, South Yorkshire, UK). Twenty-four hours
later, all animals were challenged on the dorsum of both ears
with 25 ul of 0-5% FITC in DBP and challenge-induced
increases in ear thickness were measured at various time-points
thereafter. The inflammatory response was calculated as a
function of challenge-induced increases in ear thickness
according to the following formula:

% Increase in ear thickness
= [(ear thickness prechallenge — ear thickness postchallenge)
=+ ear thickness prechallenge]
x 100.

A two-tailed Student’s ¢-test was used for statistical evaluation
of responses.

Culture of LNC

Cells (1-ml aliquots), at a concentration of 107 cells/ml in
RPMI-FCS, were seeded into 24-well tissue culture plates and
maintained at 37° in a humidified atmosphere of 5% CO, in air
in the presence or absence of 2 pg/ml of concanavalin A (Con
A) (Sigma). Culture was terminated after 24-120 hr and the
supernatants were collected, centrifuged at 100 g for 5 min and
stored at —70° prior to analysis.

Cytokine determinations

IL-4. The IL-4 content of culture supernatants derived from
Con A-stimulated LNC was measured by using sandwich
enzyme-linked immunsorbent assay (ELISA), as described
previously.?>° Plastic microtitre plates (Nunc, Copenhagen,
Denmark) were coated by overnight incubation at 4° with
2-5 ug/ml of rat monoclonal anti-IL-4 antibody (Genzyme,
Cambridge, MA) in 0-1 m carbonate buffer (pH 9:6). The
plates were then blocked for 30 min at 37° with 10% FCS in
PBS. Recombinant murine IL-4 (specific activity 1-2 x 107 U/
mg; Genzyme) diluted in RPMI-FCS was added to triplicate
wells and samples of conditioned medium diluted to different
extents in RPMI-FCS were added to duplicate wells and the
plates incubated for 2 hr at room temperature. Plates were then
incubated for 2 hr at room temperature with 8 pug/ml of goat
anti-mouse IL-4 (R & D Systems Europe, Abingdon, Oxon,

UK) diluted in RPMI-FCS, followed by a further 2-hr
incubation at room temperature with a 1:1000 dilution in
RPMI-FCS of peroxidase-conjugated donkey anti-goat 1gG
(Serotec). Enzyme substrate (o-phenylenediamine and urea
hydrogen peroxide) was added and the reaction terminated
after 15 min by the addition of 0-5 M citric acid. Between each
incubation stage the plates were washed with PBS containing
0:05% Tween-20. The absorbance at 450 nm was measured
using an automated reader (Multiskan; Flow Laboratories,
Irvine, Ayrshire, UK). A standard curve derived using murine
recombinant IL-4 and associated computer software for
microplate-based assays (Genesis, Life Sciences International
Ltd, Basingstoke, Hampshire, UK) was used to calculate the
IL-4 concentration in supernatants. The limit of detection was
300-600 pg/ml. Standard errors were less than 10% in most
experiments.

IFN-y. A sandwich ELISA was used to measure the IFN-
vy content of culture supernatants. Plastic microtitre plates
(Nunc) were coated by overnight incubation at 4° with 0-5 ug/
ml of hamster monoclonal anti-IFN-y antibody (Genzyme) in
0-1 m carbonate buffer (pH 9-6). The plates were then blocked
for 30 min at 37° with 10% FCS in PBS. Recombinant murine
IFN-y (specific activity 1x 10" U/mg; Genzyme) diluted in
RPMI-FCS was added to triplicate wells, and samples of
conditioned medium diluted to different extents in RPMI-FCS
were added to duplicate wells and the plates incubated for 2 hr
at room temperature. Plates were then incubated for 2 hr at
room temperature with 4 pg/ml of goat anti-mouse IFN-y
(Genzyme) diluted in RPMI-FCS, followed by a further 2-hr
incubation at room temperature with a 1:1000 dilution in
RPMI-FCS of peroxidase-conjugated donkey anti-goat I1gG
(Serotec). Enzyme substrate (o-phenylenediamine and urea
hydrogen peroxide) was added and the reaction terminated
after 15 min by the addition of 0-5 M citric acid. Between each
incubation stage the plates were washed with PBS containing
0-05% Tween-20. The absorbance at 450 nm was measured
using an automated reader (Multiskan). A standard curve
derived using murine recombinant IFN-y and associated
computer software for microplate-based assays (Genesis) was
used to calculate the IFN-y concentration in supernatants. The
limit of detection was 75-150 pg/ml. Standard errors were less
than 10% in most experiments.

IL-10. The IL-10 content of culture supernatants was
analysed using a dual-monoclonal sandwich ELISA. Plastic
microtitre plates (Nunc) were coated by overnight incubation
at 4° with 4 pg/ml of rat monoclonal anti-IL-10 antibody
(Pharmingen, San Diego, CA, USA) in 0-1 m carbonate buftfer
(pH 9:6). The plates were then blocked for 90 min at room
temperature with 10% FCS in PBS. Recombinant murine IL-10
(specific activity 5x 10° U/mg; Genzyme) diluted in RPMI-
FCS was added to triplicate wells and samples of conditioned
medium diluted to various extents in RPMI-FCS were added to
duplicate wells and the plates incubated for 6 hr at room
temperature. Plates were then incubated overnight at 4° with
2 pug/ml of biotinylated rat anti-mouse IL-10 (Pharmingen),
followed by a further 90-min incubation at room temperature
with 2-5 pg/ml of ExtrAvidin peroxidase (Sigma), both diluted
in PBS containing 10% FCS. Enzyme substrate (tetramethyl
benzidine and hydrogen peroxide) was added and the reaction
terminated after 10 min by the addition of 2 M sulphuric acid.
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Figure 1. Cytokine-secretion profiles of unfractionated, allergen-activated lymph node cells (LNC). Mice were exposed topically to
10% trimellitic anhydride (TMA) in acetone: olive oil (AOO) (@), 1% 2,4-dinitrochlorobenzene (DNCB) in AOO (O), or 0-5%
fluorescein isothiocyanate (FITC) in dibutyl phthalate : acetone (DBP) (M). Thirteen days after the initiation of exposure, draining
auricular lymph nodes were excised and a single-cell suspension of LNC isolated. Supernatants were prepared after culture of LNC for
different periods of time in the absence (interferon-y [IFN-y] and interleukin [IL]-10) or presence (IL-4) of 2 pg/ml of concanavalin A
(Con A). IFN-y (a), IL-4 (b) and IL-10 (c) concentrations were measured by using cytokine-specific enzyme-linked immunosorbent
assay (ELISA). Results from a single representative experiment are presented. The limit of detection for each ELISA is indicated by

the horizontal broken line.

Between each incubation stage, the plates were washed with
PBS containing 0-05% Tween-20. The absorbance at 450 nm
was measured using an automated reader (Multiskan). A
standard curve derived using murine recombinant IL-10 and
associated computer software for microplate-based assays
(Genesis) was used to calculate the IL-10 concentration in
supernatants. The limit of detection was 300-600 pg/ml.
Standard errors were less than 10% in most experiments.

Sensitization of mice for antibody production and cutaneous
inflammatory responses

Groups of mice (n=>5) received 50 ul of 0-5% FITC in DBP
bilaterally on each shaved flank. Seven days later this treatment
was repeated. After a further 7 days, animals were killed by
cardiac puncture and pooled serum samples were prepared and
stored at —20° until analysis of FITC immune serum for
specific IgE antibody content. In some experiments, naive
recipient mice (n=4) received an intradermal injection of 30 ul
of FITC immune serum or normal mouse serum into the
dorsum of the ear. Forty-eight hours later, animals were
challenged by an intravenous injection of 250 ul of physiolo-
gical saline containing 1 mg/ml FITC-BSA conjugate or BSA
carrier protein alone (Sigma). Cutaneous inflammatory
responses were measured as a function of challenge-induced
increases in ear thickness, as described previously. Alterna-
tively, FITC-sensitized and naive control animals were
challenged on the dorsum of both ears with 25 ul of 0-5%
FITC in DBP. Cutaneous inflammatory responses were
measured as a function of challenge-induced increases in ear
thickness, as described above. A two-tailed Student’s ¢-test was
used for statistical evaluation of responses.

Measurement of FITC-specific IgE antibody
The presence of IgE antibodies in serum was detected by using
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homologous passive cutaneous anaphylaxis (PCA) assay.
Pooled serum samples diluted to different extents in physio-
logical saline (30 pl total volume) were injected into the dermis
of the ears of naive recipient mice (n=4). Two days later,
0-25 mg of FITC-BSA or BSA, together with Evans Blue dye
(1-25 mg), in 250 ul of physiological saline were injected
intravenously. Thirty minutes following challenge, mice were
killed and the diameter of cutaneous reactions measured. IgE
titre was recorded as the lowest serum dilution that resulted in a
blue lesion >3 mm in the skin in the majority of recipient
animals upon challenge.

RESULTS
Cytokine-secretion profile of FITC-activated LNC

In preliminary experiments, the cytokine phenotype of LNC
isolated following prolonged topical exposure of mice to FITC
was investigated (Fig. 1). Concurrent control animals were
exposed to the reference contact allergen DNCB or to the
reference respiratory allergen TMA in order to induce,
respectively, type 1 and type 2 cytokine-secretion profiles for
comparative purposes. As reported previously,”>° LNC
derived after treatment with DNCB expressed high levels of
the type 1 cytokine IFN-y, but levels of 1L-4 and IL-10 were
below the limits of detection. The converse phenotype was
observed for TMA-activated LNC, with vigorous IL-10 and
mitogen-inducible IL-4 production, but little IFN-y. Exposure
to 0-5% FITC resulted in a type 2 cytokine-secretion pattern
analogous to that provoked by TMA, with expression of all
three cytokines reaching similar levels and following identical
kinetics to TMA-stimulated LNC. Furthermore, the phenotype
displayed by FITC-activated LNC was independent of the dose
applied, with concentrations ranging between 2% and 0-2% all
inducing the preferential expression of type 2 cytokines (data
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Figure 2. Contribution of CD4% and CD8" cells to the cytokine-secretion profile induced by trimellitic anhydride (TMA) and
fluorescein isothiocyanate (FITC). Draining lymph node cells (LNC) were isolated following topical exposure to 10% TMA in
acetone : olive oil (AOO) or 0-5% FITC in dibutyl phthalate: acetone (DBP). Cells were treated with complement and an isotype-
control preparation of rat immunoglobulin G2b (IgG2b) myeloma protein, anti-CD4 antibody or anti-CD8 antibody. Supernatants
were prepared following culture of LNC for 24 hr in the presence of 2 pg/ml of concanavalin A (Con A) (interleukin [IL]-4) or for
120 hr in the absence of Con A (interferon-y [IFN-y] and IL-10). IFN-y (a), IL-4 (b) and IL-10 (c) concentrations were measured by
using cytokine-specific enzyme-linked immunosorbent assay (ELISA). Results from two independent experiments (Exp. 1 and Exp. 2)
are shown. The limit of detection for each ELISA is indicated by the horizontal broken line.

not shown). In addition, the cytokine-secretion pattern of
FITC-stimulated LNC was unaffected by the isomer of FITC
used, with FITC isomers I and II stimulating identical cytokine
profiles (data not shown). LNC derived from vehicle (AOO or
DBP)-treated mice failed to express detectable levels of either
type 2 cytokine and produced low levels of IFN-y only (data
not shown).

Contribution of CD4* and CD8" T lymphocytes to LNC
cytokine-production profiles

In subsequent experiments, the contribution of CD4* and
CDS8™" T cells to the cytokine phenotype induced by FITC was
examined by negative selection (complement depletion). Com-
parisons were performed with LNC populations derived from
mice treated with TMA or DNCB. Flow cytometric analyses
revealed that unfractionated LNC derived from allergen-treated
mice contained 10-8-17-4% CD8™ cells and 28-9-38-5% CD4 "

cells. Depletion of CD4 " cells resulted routinely in populations
with <1-:9% CD4 ™ cells and 17-:6-25:2% CD8™ cells, whereas
CD8*-depleted fractions contained <1-7% CD8* cells and
34-6-44% CD4 ™ cells. Examination of the cytokine phenotypes
of FITC- and TMA-stimulated LNC populations demonstrated
that the high levels of IL-10 and mitogen-inducible 1L-4 were
associated predominantly with CD4™" T cells, with unfractio-
nated and CD8 *-depleted fractions expressing large amounts of
these cytokines, whereas CD4 " -cell depletion abrogated 1L-4
and IL-10 production almost completely (Fig. 2; two indepen-
dent experiments). In contrast, the low levels of IFN-y secreted
by LNC from FITC- or TMA-exposed mice were found to be
primarily a property of CD8* cells. Thus, CD8*-depleted
fractions expressed little of this cytokine while, in the majority of
experiments, populations depleted of CD4% cells elaborated
higherlevels of IFN-y than did unfractionated LNC, presumably
as a result of either the loss of inhibitory type 2 cytokines or
because of the effective increase in CD8™ cell numbers. The
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Figure 3. Kinetics of fluorescein isothiocyanate (FITC)-induced der-
mal hypersensitivity responses. Animals (n=5) received 50 ul of 0-5%
FITC in dibutyl phthalate : acetone (DBP) on the shaved flanks on days
0 and 7. Fourteen days after the initiation of exposure, the ear thickness
of sensitized ([J) and control (naive) (M) animals was measured, using
an engineers’ micrometer, immediately prior to challenge on the
dorsum of both ears with 25 ul of 0-5% FITC in DBP. Ear thickness
was re-evaluated at various time-points thereafter, and elicitation
reactions recorded as the mean percentage increase in ear thickness
(£ SE) relative to prechallenge values. Results from two independent
experiments (a) and (b) are presented. At all time-points, significant
(P<0-01) increases in mean ear thickness relative to concurrent
controls were observed.

association of type 2 cytokine expression with CD4 ™ cells, and of
IFN-y production with CD8* cells, in FITC-activated LNC
populations, is consistent with previous observations with other
respiratory chemical allergens such as diphenylmethane diiso-
cyanate (MDI).*® The provenance of the high levels of IFN-y
secreted by LNC derived from exposure to chemical contact
allergens such as DNCB is, however, very different. Peak
(120 hr) IFN-y expression by unfractionated DNCB-activated
LNC was 4-1 and 8:7 ng/ml in two independent experiments. In

© 2000 Blackwell Science Ltd, Immunology, 101, 442-451
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Figure 4. Dermal hypersensitivity following passive sensitization with
fluorescein isothiocyanate (FITC) immune serum. Groups of mice
(n=4) received a 30 pl intradermal injection (into both ear pinnae) of
pooled serum from FITC-sensitized mice (@ M) or from naive mice (O
[J). Two days later the ear thickness of all mice was measured
immediately prior to challenge with intravenous injection of 250 ul of
physiological saline containing 0-25 mg of an FITC-bovine serum
albumin (BSA) conjugate (@ O) or of BSA alone (M [J). Ear thickness
was re-evaluated at various time-points thereafter and elicitation
reactions recorded as the mean percentage increase in ear thickness
(+SE) relative to prechallenge values. Results from two independent
experiments (a) and (b) are presented. SE values of <1-0 are not
shown. *P <0-05; **P <0-01: significant increase in mean ear thickness
relative to controls receiving normal serum and challenged with FITC-
BSA conjugate.

each case, IFN-y production was maintained in both CD4 " - and
CD8 " -depleted fractions, with peak levels of secretion of this
cytokine for the former population of 5-3 and 7-8 ng/ml and for
thelatter population of4-7 and 5-6 ng/ml, respectively, in the two
independent experiments.

Dermal hypersensitivity reactions induced by FITC

Given the fact that topical exposure to FITC resulted in a
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Figure 5. The kinetics of dermal hypersensitivity reactions following
passive sensitization with allergen-activated lymph node cells (LNC):
role of CD4" and CD8™" cells. Groups of mice (n=3) received an
intravenous injection of 500 pl of medium alone (O), or 6x 10’
unfractionated ((J), CD4%-depleted (@) or CD8"-depleted (M)
populations of fluorescein isothiocyanate (FITC)-activated LNC.
The ear thickness of all mice was measured using an engineers’
micrometer. Twenty-four hours later, all animals were challenged on
the dorsum of both ears with 25 ul of 0-5% FITC in dibutyl
phthalate : acetone (DBP). Challenge-induced increases in ear thickness
were measured at various time-points thereafter and elicitation
reactions were recorded as the mean percentage increase in ear
thickness (+SE) relative to prechallenge values. Results from two
independent experiments (a) and (b) are presented. SE values of <3-0
are not shown. *P <0-05; **P <0-01: significant increase in mean ear
thickness relative to controls (medium alone).

preferential type 2 cytokine-secretion phenotype (the cellular
source of which was analogous to those responses provoked by
allergens such as TMA and MDI, which are associated in
humans with immediate-type hypersensitivity reactions such as
respiratory allergy), the kinetics of dermal hypersensitivity
reactions induced by FITC was analysed (Fig. 3; two
independent experiments). Inflammatory responses were mea-
sured as a function of challenge-induced increases in ear
thickness in control (naive) animals or in animals that had been
exposed previously to 0-5% FITC in DBP (sensitized).

Challenge of control animals with 0-5% FITC in DBP failed
to stimulate an inflammatory response at any time-point
measured (changes in ear thickness of less than 5-7% were
recorded). In contrast, sensitized mice displayed vigorous
hypersensitivity reactions that were biphasic in nature.
Significant increases in ear thickness were observed as early
as 45 min after challenge, which then reached maximal levels
24 hr after challenge. A similar biphasic pattern of cutaneous
hypersensitivity responses has been reported previously for the
respiratory allergen TMA, although in the same series of
experiments topical exposure to the contact allergen DNCB
under identical conditions failed to provoke the -early
component of the dermal reaction.®'

Contribution of humoral and cell-mediated responses to dermal
hypersensitivity reactions

In order to assess the contribution of antibody- and cell-
mediated responses to the cutaneous inflammatory reaction
provoked by sensitization with FITC, adoptive transfer
experiments were performed. The immediate component of
the dermal hypersensitivity response was transferred success-
fully to naive recipient mice with serum derived from FITC-
sensitized animals (Fig. 4; two independent experiments).
Thus, injection of FITC-immune serum caused a significant
and very rapid increase in ear thickness following intravenous
injection of FITC-BSA conjugate; the increase in ear thickness
peaked at 15-30 min and declined thereafter, reaching back-
ground levels by 24 hr. Challenge of recipients of FITC-
immune serum with BSA carrier protein alone failed to
provoke dermal hypersensitivity reactions at any time-point
investigated, and adoptive transfer of naive mouse serum failed
to induce significant differences in ear thickness when recipients
were challenged with either FITC-BSA conjugate or BSA
carrier protein alone (Fig. 4). These experiments indicate that
the early component of the cutaneous hypersensitivity response
to FITC is serum mediated and presumably attributable to the
production of specific IgE antibody. This interpretation is
supported by analysis of the specific IgE content of FITC-
immune sera by homologous PCA assay. In three independent
experiments, pooled sera drawn 14 days after the initiation of
topical exposure to 0-5% FITC in DBP were found to contain
relatively high-titre anti-FITC IgE antibody, with titres of 1/32,
1/128 and 1/128 obtained in the three individual experiments.
Pooled sera isolated from naive animals and tested concur-
rently with FITC-immune sera failed to elicit a positive
response in the PCA assay, even when undiluted. The titres for
anti-FITC IgE antibody are similar to those recorded following
topical exposure of mice to other chemical respiratory allergens
such as phthalic anhydride or TMA.**** Furthermore, in
animals sensitized 5, rather than 14, days prior to challenge, a
time-frame before which systemic IgE antibody production is
manifest, significant DTH (24 hr) reactions only were observed
(data not shown).

Adoptive transfer of LNC populations derived from FITC-
exposed mice resulted in dermal inflammatory reactions with a
different kinetic profile. Intravenous administration to naive
syngeneic recipients (n=3) of 6x 10’ unfractionated FITC
immune cells and topical challenge 24 hr later with FITC failed
to stimulate significant local inflammation 45 min after
challenge compared with challenge of control mice which
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had received RPMI-FCS medium alone (mean increases in ear
thickness + SE of —0-2%+2-3 and —0-25%+2-3, respec-
tively). However, significant increases in ear thickness were
observed 24 and 48 hr after challenge (15-9%+4-9 and
16:9%4+1-6, and —0-7%=+2-7 and 0%+3-0, for animals
receiving FITC-immune cells and for control animals,
respectively). Challenge of recipient animals with irrelevant
hapten (10% TMA in AOO) failed to provoke significant
cutaneous hypersensitivity responses at any time-point inves-
tigated (data not shown).

In further experiments, the relative contributions of CD4
and CDS cells to the delayed hypersensitivity response were
examined (Fig. 5; two independent experiments). Animals
(n=3) received 6x 10" unfractionated FITC-immune cells
(containing =~39% CD4% and 12% CD8" cells), CD4%-
depleted cells (consisting of <2% CD4™" and 21% CD8™ cells)
or CD8*-depleted cells (containing <2% CD8* cells and 41%
CD47 cells). Control animals received an intravenous injection
of RPMI-FCS medium alone. As demonstrated previously, in
each of the two independent experiments, the delayed (but not
the early) component of the dermal inflammatory response was
transferred successfully with unfractionated LNC. Interest-
ingly, the CD4"-depleted fraction consistently failed to
transfer dermal hypersensitivity reactions, whereas adminis-
tration of the CD8 * -depleted fraction was, in each experiment,
associated with virtually identical inflammatory reactions to
those induced by the unfractionated LNC population. The
cytokine-secretion profiles of the CD4"- and CDS8 " -depleted
fractions confirmed that the residual populations represented
Tcl- (IFN-y secreting) and Th2- (IL-4 and IL-10 expressing)
type cells, respectively (data not shown). Finally, experiments
were performed with increased numbers of CD4*-depleted
cells in order to examine whether the differences observed
between the two negatively selected populations were qualita-
tive rather than quantitative. Naive recipient animals (n=3)
received 12 x 107 CD4*-depleted cells (the negative-selection
procedure in this experiment reduced CD4* cells from 357 to
1-8% and enriched CD8 ™ cells from 15:0 to 22:9%) or RPMI-
FCS medium alone, and were challenged with FITC on the
dorsum of both ears, as described previously. At no time-point
measured (45 min to 72 hr) was a significant increase in ear
swelling observed relative to concurrent controls (data not
shown).

DISCUSSION

Topical exposure to the sensitizing fluorochrome FITC
resulted in the development of a selective type 2 cytokine-
secretion profile, in agreement with a previous report.”® The
high levels of IL-4 and IL-10 derived from CD4" Th2-type
cells, whereas the comparatively low levels of IFN-y were
associated with CD8* Tcl-type cells. The exposure regimen
used in these experiments is one designed to induce polarized
cytokine-secretion phenotypes following topical exposure to
different classes of chemical allergen.zg’30 Thus, concurrent
identical treatment with the known human contact allergen
DNCB resulted in preferential type 1 cytokine expression, with
high levels of IFN-y production, but relatively little of the type
2 cytokines IL-4 and IL-10. The type 2 cytokine pattern elicited
by FITC is unlike that usually provoked following treatment
with other chemical contact allergens, including DNFB,?82%34
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oxazolone or trinitrochlorobenzene,***> where a prefer-
ential IFN-y/IL-2 (type 1) profile is observed. Consistent with
the predominant type 2 cytokine phenotype, topical exposure
to FITC resulted also in the production of a vigorous specific
IgE antibody response. Challenge of sensitized animals elicited
a biphasic dermal hypersensitivity response. The early (45 min)
component was mediated by serum (presumably IgE antibody)
and the delayed (24-48 hr) component was effected by the
CD4" Th2-type fraction of FITC-stimulated LNC, with no
apparent contribution from CD8* cells. These data do not
formally exclude an obligatory role for an early initiating
component of the DTH response mediated by immunoglobulin
M (IgM) antibody produced by the Bl-cell subset, as described
by Askenase et al., for contact allergens such as oxazolone and
trinitrochlorobenzene.>® However, the fact that a vigorous
DTH (24-72 hr) reaction is transferred by CD4* cells in the
absence of a detectable acute (45 min) cutaneous inflammatory
response suggests that, under these circumstances, an IgM
antibody-mediated early reaction is not necessary for the
development of FITC-induced DTH reactions. In contrast to
FITC, where cutaneous inflammatory responses have been
shown (in the present work) to be effected by CD4" type 2
cells, reactions to other chemical contact haptens such as
DNFB or trinitrochlorobenzene have been reported variously
to be mediated by combinations of type 1 CD4* and/or CD8*
effector cells'®?' and down-regulated by type 1 or type 2
CD4% cells.'*'°2! Taken together, these data defining the
cellular basis for FITC-induced inflammatory responses
suggest that FITC may be an unrepresentative experimental
probe for mechanistic studies of chemical contact allergy.
Alternatively, it is possible that immune responses to contact
allergens are somewhat more variable in character than has
been previously supposed based on analyses of a relatively few
potent skin sensitizers.

While it is generally accepted, as described above, that
contact sensitization is effected primarily by type 1 cells and
associated cytokines,'® it is clear that type 2 cells and their
cytokine products may play an important role in the elicitation
of contact dermatitic reactions. In particular, there is a
considerable body of evidence to suggest that IL-4 plays a
role in the elicitation of contact allergic reactions. It has been
demonstrated that cellular transfer of DTH is inhibited by
blocking the action of IL-4 using either anti-IL-4 antibody or
antisense oligonucleotides,®” indicating a mandatory require-
ment for IL-4 in contact sensitization. However, other
investigators, using the same experimental approach, have
shown that inhibition of IL-4 results instead in more vigorous
DTH responses and up-regulates IFN-y expression, suggestive
of a down-regulatory role for this cytokine in sites of contact
allergen-induced inflammation.*® The basis for these appar-
ently conflicting data is not known, but may be a result of
various factors, including the strain of mice utilized, the
chemical allergen used for sensitization or the nature of the
exposure regimen. It has been reported, for example, that mice
deficient in IL-4 exhibit normal DTH responses to oxazolone,
but that the magnitude and duration of contact allergy to
DNCB is compromised significantly.** With regard to the
possibility that the exposure regimen is important, it has been
demonstrated that whereas applied hapten concentration is
without effect on the nature and vigour of the type 1 response
induced by topical exposure to trinitrochlorobenzene, admin-



450 R. J. Dearman & I. Kimber

istration of the hapten by patching alters the typel/type 2
balance, stimulating the development of IL-4-producing CD4*
Th2-type cells and down-regulating the contact hypersensitiv-
ity reaction.”® Furthermore, the longevity of exposure to
chemical contact allergen appears to influence markedly the
induced cytokine milieu, with repeated exposure resulting in a
shift of cutaneous cytokine expression away from a Thl-do-
minated response (where IFN-y and IL-2 production pre-
dominates) to a Th2 (IL-4 and IL-10)-dominated response.*’
However, it must be noted that the exposure regimen used in
the current series of experiments did not, by any means, result
in a Th2-biased response for all allergens examined; concurrent
identical treatment with the known human contact allergen
DNCB resulted in a preferential Thl-type cytokine-secretion
phenotype. Thus, the information available to date indicates
that the expression of IL-4 (and possibly other type 2
cytokines), particularly at sites of dermal challenge, regulates
what is considered to be a largely Th1/Tcl-dependent immune
process, although the factors governing whether such is up- or
down-regulated are still unclear.

Taken together with previous investigations it is clear that
low-molecular-weight allergens can induce, in mice, immune
responses of varying characteristics. An important question is
the nature of the factors that cause polarization. In this context
the functional heterogeneity of dendritic cells (DC) may be a
critical factor. In theory, selectivity of T-cell responses could be
achieved either by interaction with discrete functional sub-
populations of DC*"**? or by the adaptive acquisition by DC of
properties that encourage polarization.** With respect to the
former, Maldonado-Lopez et al.*' have reported that lymphoid
CD8a " DC selectively induce Th1-cell differentiation, whereas
CD8a” DC of myeloid origin favour Th2-type responses. Such
heterogeneity may be amplified further by the changing
phenotype of DC during maturation.*? It remains to be
determined whether, and to what extent, the development in
mice of polarized responses to sensitizing chemicals is a
function of the innate and/or acquired characteristics of the DC
populations with which the chemicals interact.

The data contained within this report reveal that not only
does FITC induce a selective Th2-type immune response, but
also that these cells are able to effect the DTH reaction. The
assumption is that FITC-specific CD4* Th2-type cells are able
to gain access to the relevant skin tissues in response to
challenge. The consensus view is that the homing of
Thl-effector cells to sites of inflammation, including the skin,
is facilitated by their expression of ligands for E- and P-
selectin.**#® In the absence of competition from Thl cells,
FITC-specific Th2-effector cells are presumably able to localize
in the skin. The directed movement of Th2 cells to sites of
cutaneous challenge may be effected, at least in part, through
their possession of appropriate chemokine receptors, the
expression of which may be further modified by the cytokine
environment.*’*® Specifically it can be assumed that the
recruitment of Th2 effector cells into skin sites will be favoured
by the expression of CCR3 and CCR4 chemokine receptors
and the absence of CCR7.47%

In conclusion, the results reported here reveal that FITC is
able to induce, in mice, a selective Th2-type CD4% T-
lymphocyte response characterized by the increased expression,
by LNC, of type 2 cytokines and the production of IgE

antibody. The data demonstrate also that CD4" Th2-effector
cells are able to cause DTH reactions in skin-sensitized mice.
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