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The Determination of Draining Lymph Node Cell Cytokine
mRNA Levels in BALB/c Mice Following Dermal Sodium Lauryl
Sulfate, Dinitrofluorobenzene, and Toluene Diisocyanate Expo-
sure. Manetz, T. S., Pettit, D. A., and Meade, B. J. (2001). Toxicol.

ppl. Pharmacol. 171, 174–183.

Differential modulation has been demonstrated in interleukin-4
IL-4), IL-10, and interferon gamma (IFN-g) mRNA and protein

secretion patterns of cells isolated from the draining lymph nodes
of mice following exposure to T cell and respiratory sensitizers.
Using a multiprobe ribonuclease protection assay, the following
investigation examined the mRNA expression patterns of multiple
cytokines associated with respiratory sensitization for modulation
following exposure to chemicals known primarily to induce irri-
tation (sodium lauryl sulfate), respiratory sensitization (toluene
diisocyanate), or T cell-mediated hypersensitivity (dinitrofluoro-
benzene) responses. On days 0 and 15 female BALB/c mice were
exposed to either test article or vehicle on the shaven dorsal
lumbar region; on days 110 through 112 the mice received test
article on the dorsal aspect of each ear. On day 113 animals were
euthanized, draining lymph nodes were excised, and mRNA was
isolated immediately or following 24 or 48 h of culture in the
presence or absence of concanavalin (Con) A. Differential expres-
sion of cytokine mRNA was most notable following 24 h incuba-
tion with Con A. Modulation of IL-4, -10, and IFN-g following
chemical exposure was consistent with previous studies. In addi-
tion, IL-9, -13, and -15 were significantly elevated only following
toluene diisocyanate exposure. Further investigations of these cy-
tokines may provide additional insight into the mechanisms of
chemically induced respiratory sensitization and provide end-
points for the detection of a chemical’s ability to elicit IgE-medi-
ated hypersensitivity responses. © 2001 Academic Press

Key Words: cytokine; IgE; hypersensitivity; interleukin; ribonu-
clease protection assay; toluene diisocyanate

Chemical exposure can cause a variety of adverse h
effects including IgE-mediated (immediate hypersensitiv
and T cell-mediated (delayed hypersensitivity) responses
mediated hypersensitivity responses are associated wi
creased total serum IgE levels, principally involve hum
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immunity, and occur within minutes of exposure in sensit
individuals. Conversely, T cell-mediated hypersensitivity
sponses are inhibitory toward IgE production, predomina
involve cell-mediated immunity, and occur 24 to 72 h follo
ing exposure in sensitized individuals.

T cells play a predominant role in the development of
and T cell-mediated hypersensitivity responses and two di
T cell subsets (T helper (Th)1 and Th2) have been ident
T-helper 1 cells promote cell-mediated immunity and are
fined by their secretion of interleukin (IL)-2, interferon gam
(IFN-g), and lymphotoxin (LT). IFN-g inhibits the prolifera
tion of Th2 cells and favors Th1 cell development (Gajew
and Fitch, 1998; Fong and Mosmann, 1989; Saulnieret al.,
1995). IFN-g has also been shown to inhibit the productio
IgE antibody and instead to promote the secretion of IgG2a, an
antibody that supports cell-mediated immune respo
(Finkelmanet al., 1988a). Th2 cells are recognized by th
secretion of IL-4, IL-5, IL-6, and IL-10, cytokines that supp
humoral immune responses. IL-4 is necessary for the pro
tion of IgE, and therefore favors the potential for immed
hypersensitivity responses (Finkelmanet al., 1988b, 1986)
IL-5 synergizes with IL-4 to induce IgE antibody to a vari
of antigens (Nagaiet al.,1999; Purkerson and Isakson, 199
The increased proliferation and differentiation of B cells
antibody-secreting plasma cells by IL-6 and IL-10 also enc
ages a humoral immune response (Kishimoto, 1989; Cho
Choi, 1998). The cell proliferation induced by some Th2
tokines can be selective. This was demonstrated by the a
of IL-4 and IL-10 to favor Th2 cell proliferation and develo
ment over that of Th1 cells (Fernandez-Botranet al., 1988;
Bradleyet al., 1995; Swainet al., 1990).

Although primarily IgE-mediated (e.g., platinum salts
duced) and T cell-mediated (e.g., dinitrofluorobenzen
duced) disease processes may occur, frequently, and esp
in the case of pulmonary responses, multiple mechanism
involved. The clinical signs and symptoms resulting in ast
may result from numerous disease processes. Even tho
strong correlation exists between elevated levels of IgE
increased bronchial reactivity when evaluating respons
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175CYTOKINE MODULATION FOLLOWING DERMAL CHEMICAL EXPOSURE
common areoallergens such as dust mite and pollen, it has
proposed that IgE be seen as a marker for a complex im
response that may include cellular responses and med
released from mast cells (Platts-Mills, 1992). In case
asthma resulting from exposure to low-molecular-weight
gens such as the isocyanates, the role of IgE is less clear
only 10–30% of affected individuals showing elevated
levels, and a role for cell-mediated processes has been
posed (Weissman and Lewis, 2000).

Studies into the immunological consequences of de
exposure to chemical sensitizers have demonstrated the
of such chemicals to induce cellular proliferation in the lym
nodes draining the exposure site (Kimberet al.,1989). Becaus

any cytokines modulate proliferation and differentiation
ymphoid cells, cytokine profiles in draining lymph nodes h
een evaluated as a method of identifying the sensit
otential of chemicals and of providing a better understan
f the mechanisms of chemically induced allergic respon
wo secretion patterns, closely resembling Th1 and Th2
ine secretion profiles, have been observed (Dearmanet al.,
997). The profiles induced were dependent on the chem
bility to invoke primarily respiratory sensitization or a
ell-mediated hypersensitivity response. Increased leve
L-2 and IFN-g were found following T cell-mediated allerg
exposure and increased levels of IL-4 and IL-10 were dete
following dermal exposure to chemicals with the ability
induce respiratory sensitization. Using the same exposure
imen, similar kinetic profiles were found when compar
cytokine (IL-2, IL-4, IL-10, and IFN-g) protein levels mea
sured by ELISA, and cytokine mRNA levels determined
RT–PCR. This suggested that the quantification of prote
mRNA levels of cytokines may be useful in evaluating t
alteration following dermal exposure to these chemicals (W
brick et al., 1998; Ryanet al., 1998).

The purpose of these studies was to investigate the m
expression profile of an extended panel of cytokines for m
ulation in the draining lymph nodes of animals follow
dermal exposure to respiratory or T cell-mediated sensiti
The method used examined IL-4, IL-10, and IFN-g messag
levels to allow for comparison with the results obtained
previous studies. Additionally, other cytokines whose invo
ment in chemically induced hypersensitivity reactions are
as well characterized (i.e., IL-5, IL-6, IL-9, IL-13, and IL-1
were measured. These studies used the following chem
known primarily to induce respiratory sensitization, T c
mediated hypersensitivity responses, or irritation: toluen
isocyanate (TDI), dinitrofluorobenzene (DNFB), and sod
lauryl sulfate (SLS). Toluene diisocyanate is well known fo
ability to induce occupational asthma (Bernstein, 19
Deschampset al., 1998; Mappet al., 1994). Topical TD
exposure leads to increased total serum IgE levels and
cytokine secretion pattern in mice (Manetz and Meade, 1
Tee et al., 1998; Sonet al., 1998; Dearmanet al., 1996).
Dinitrofluorobenzene is a chemical known for its ability
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cause T cell-mediated contact hypersensitivity responses
Th1 cytokine secretion profile in mice (Phanuphaket al.,1974;

arcia-Perez, 1974; Dearmanet al., 1996). Sodium laury
ulfate is known for its ability to cause irritation (Lee a
aibach, 1995) and was used as a control.

MATERIALS AND METHODS

Animals. Pathogen-free female BALB/c mice ages 8 to 10 weeks
tional Cancer Institute Animal Program, Frederick, MD) were used for
studies. Animals arrived at 4 to 6 weeks of age with body weights betwe
and 23 g. Animals were quarantined for 1 week prior to use and assig
homogenous weight groups for exposure. Mice, individually identified vi
tattoo, were housed four per cage in plastic cages with sawdust be
Animal care and use were performed following NIH guidelines. The ani
were maintained on a 12-h light/dark cycle with the ambient air at 18–
and 40–70% relative humidity. Food (Agway Rat and Mouse Ration; NIH
and tap water were availablead libitum.

Chemicals. Toluene 2,4-diisocyanate (purity 99.6%), 2,4-dinitrofluo
benzene (purity$ 99%), sodium lauryl sulfate (purity$ 95%), and aceton
purity 99.8%), the vehicle for TDI and DNFB, were purchased from Si
St. Louis, MO). Ethanol, the SLS vehicle, was purchased from Fisher S
ific (Pittsburgh, PA) and diluted to 30% with deionized water. The con
rations of TDI (1.5%) and DNFB (0.15%) used are recognized as ind
imilar levels of proliferation in the local lymph node assay and 40% S
nown to be significantly irritating in a mouse ear swelling irritancy a
Manetz and Meade, 1999; Woolhiseret al., 1998).

Exposure and tissue isolation. A modified version of the exposu
method described by Dearmanet al. (1996) was used with four mice per do
group (Table 1). One day prior to initial chemical exposure, the mice
anesthetized and their dorsal lumbar area was shaved. The mice receiveml
of the test article or the vehicle to the shaved site on day 0 and 5 days lat
5). After 5 days of rest, the mice received 25ml of the chemical to the dors
surface of each ear, once daily for 3 consecutive days (days 10–12). A
that received the vehicle on the dorsal lumbar area on days 0 and 5 and
article on the ear on days 10–12, are referred to as “challenged only.”
who received the test article to both locations on days 0, 5, and 10–1
referred to as “induced/challenged.” Twenty-four hours following the
chemical application, the animals were euthanized (day 13) via CO2 inhalation
The draining cervical lymph nodes, located at the bifurcation of the ju

TABLE 1
Design of the Ribonuclease Protection Assay Studies

Group Induction (days 0 and 5) Challenge (days 10–

A/A Acetone Acetone
A/D Acetone 0.15% DNFB
D/D 0.15% DNFB 0.15% DNFB
A/T Acetone 1.5% TDI
T/T 1.5% TDI 1.5% TDI
E/E 30% Ethanol 30% Ethanol
E/S 30% Ethanol 40% SLS
S/S 40% SLS 40% SLS

Note. Induction was via dermal application of the chemical to the sh
orsal lumbar region, and challenge was via dermal application to the
urface of both ears. Animals were euthanized 1 day following final che
pplication and the draining lymph nodes were excised aseptically. A, ac
, DNFB; T, TDI; E, ethanol; S, SLS. The first letter denotes exposure o
ank; the second letter denotes challenge on the ear.
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176 MANETZ, PETTIT, AND MEADE
vein, were aseptically excised and placed into RPMI 1640 growth me
(Sigma) supplemented with 10% fetal calf serum, 25 mM Hepes, 0.2% so
bicarbonate solution, and 1000 units/ml of penicillin/streptomycin. Fo
initial time-course study, the lymph nodes of two animals within each
group were pooled (N5 2) in order to allow for a sufficient number of ce
Aliquots of the pooled cells were then taken and the mRNA was iso
immediately or following 24 or 48 h of culture as described below. In t
cases in which cell number was ample, cultures were done in duplicate. F
final study, when only a single time point was evaluated (following 24
culture), mRNA from individual animals was evaluated.

Lymph node cell preparation and culture. A modified version of th
method used by Dearmanet al. (1996) was used. Lymph nodes were diss
ted using the frosted ends of two microscope slides. Viable cell counts
etermined using trypan blue exclusion and the cells were centrifuged a
pm (260g) for 10 min. The supernatant was removed and the cells
esuspended in the RPMI to a concentration of 107 cells/ml. 5.53 106 cells pe

well were plated into a sterile 48-well plate and incubated at 37°C with
CO2 with or without 2mg/ml of concanavalin A (Con A) for 24 or 48 h.

RNA isolation. The freshly isolated lymph node cells (5.53 106) or the
cell cultures were centrifuged as before and the supernatant was remov
discarded. The cells were resuspended in 1 ml of Trizol (Gibco, Grand I
NY) with RNA isolated according to the manufacturer’s instructions.
RNA was vacuum dried (1 h), resuspended in 8ml of hybridization buffe
(PharMingen, San Diego, CA), and stored at270o C until analysis.

Probe synthesis. A mck-1 probe template set and anIn Vitro Transcription
it (PharMingen) were used according to the manufacturer’s instruc

FIG. 1. Ribonuclease protection assay results from mRNA isolated
raining lymph node cells following exposure to DNFB, TDI, or SLS. Anim
ere exposed as described, and the draining lymph nodes were excis
ooled per group 24 h following final exposure. A representative sam
hown for each exposure condition. A, acetone; D, DNFB; T, TDI; E, eth
, SLS. The first letter denotes exposure on the flank; the second letter d
hallenge to the ear.
32P-labeled complementary RNA probes were generated to the follo
mouse cytokines: IL-2, -4, -5, -6, -9, -10, -13, -15, IFN-g, and two mous
ontrol mRNA products (L32 and GAPDH).

Ribonuclease protection assay.For the analysis of draining lymph no
ytokine mRNA, the Riboquant Multi-Probe RNase Protection Assay
PharMingen) was employed according to the manufacturer’s instruction
reviously isolated RNA samples in the hybridization buffer were incub
ith the 32P-labeled mck-1 template set probes for 16 h at 56°C to allow

hybridization. Nonhybridized RNA was destroyed by adding RNase A t
samples. Hybridized RNA was isolated following proteinase K digestio
phenol–chloroform and isoamyl alcohol extraction and ethanol precipit
The hybrids were then heat denatured and separated on a 5% den
polyacrylamide gel. The gels were dried and exposed with Biomax-MR
(Kodak) for 24 to 144 h. For quantification, densitometry analysis was
formed using a Molecular Dynamics Computing Densitometer. Analysis
performed using Image Quant Version 3.3 Software for the IBM. For
band, central areas of identical size were analyzed within and between g
each individual cytokine, thus minimizing the potential for variation of a
ysis between gels. Overall background was subtracted from each densito
value. Data presented are the average percentage expression relative
and GAPDH as determined using the following equation:

(cytokine/L321 cytokine/GAPDH)/23 100.

For statistical analysis, Cochran’st test was used because the sample nu
per dose group varied (Cochran and Cox, 1975).

RESULTS

Initial studies evaluated mRNA isolated from drain
lymph node cells of chemically exposed mice 24 h follow
the last chemical exposure (Fig. 1; Table 2). With the exce
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TABLE 2
Densitometry Analysis of Freshly Isolated Lymph Node Cells

Gp IFN-g IL-10 IL-4

/A 0.42 0.27 0.23
N 5 1)
/D 0.81 0.41 0.07

N 5 3) (0.18) (0.12) (0.04)
/D 0.51 0.75 0.39

N 5 1)
/T 1.06 0.31 0.28

N 5 2) (0.02) (0.31) (0.28)
/T 0.80 1.00 2.84
N 5 2) (0.55) (1.00) (1.97)
/E 1.97 — —

N 5 1)
/S 0.28 0.3 0.07

N 5 3) (0.28) (0.17) (0.07)
/S 2.23 0.49 —

N 5 1)

Note.Volumetric densitometry analysis of the cytokine mRNA levels f
he samples in Fig. 1. Data presented are the average of their perc
xpression compared to the GAPDH and L32 control RNAs. Value
arentheses are the standard error of replicate samples. —, data in wh
alue was zero or lower after background subtraction. A, acetone; D, D
, TDI; E, ethanol; S, SLS. The first letter denotes exposure on the flan
econd letter denotes challenge on the ear.
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177CYTOKINE MODULATION FOLLOWING DERMAL CHEMICAL EXPOSURE
of an elevation (12-fold) in IL-4 expression following indu
tion and challenge exposure to TDI, minimal alteration
cytokine expression following exposure to the three chem
were observed in comparison to controls. Interleukin-10 le
were increased 3- to 4-fold over controls in animals that w
induced and challenged with DNFB or TDI. Interferon gam
expression was slightly elevated (2- to 3-fold increase
animals challenged only with DNFB or TDI and induc
challenged with TDI.

Cytokine Profile after 24 h of Culture

During the culture periods, the cells were incubated in
presence or absence of 2mg/ml Con A, a T cell mitogen know
o induce cytokine secretion by allergen-exposed dra
ymph node cells (Dearmanet al.,1995). In the absence of C
, overall mRNA expression (cytokine and housekee
enes) in the 24- and 48-h cultures was too low to allow
haracterization (data not shown). Following 24 h of incu
ion in Con A, the cells isolated from animals exposed to T
NFB, or SLS demonstrated a differential pattern of cyto
RNA expression (Fig. 2A; Table 3).
When evaluating Th1 cytokines, whose levels are an

ated to be increased following exposure to T cell-med

FIG. 2. Cytokine profile of draining lymph node cells following derm
isolated from the experiment in Fig. 1 were then cultured in the presence
is shown for each exposure condition. A, acetone; D, DNFB; T, TDI; E, e
challenge on the ear.
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ensitizers, the most robust response was observed ing
levels following challenge only with DNFB (18-fold increa
over controls). A 7-fold increase in IFN-g levels was observe
in TDI challenged only or TDI induced/challenged anim
For animals both induced and challenged with DNFB, the l
of IFN-g (3-fold increase compared to control) was lower t
hat observed in animals exposed to TDI and similar to
een in animals challenged only with SLS. Interleukin-2
ression was not significantly altered in any of the expo
roups.
More of a differential response was obtained when

ytokines and cytokines more frequently associated wit
gE-mediated response were evaluated. The most robu
ponses were observed in IL-9, -13, -15, and -10 mR
xpression following exposure to TDI. The mRNA levels

L-9 were only elevated in TDI-exposed animals, with a
old increase observed in the challenged only group a
4-fold increase observed in the induced/challenged g
ompared to the acetone control. Interleukin-15 mRNA exp
ion was increased 116-fold in the TDI-challenged only
als, with minimal alterations in the other exposure gro

ompared to the controls. TDI-challenged only and indu
hallenged animals demonstrated an approximate 60-fo

llergen exposure and 24 (A) or 48 h (B) of incubation with Con A (2mg). Cells
Con A for the given amount of time, prior to RNA isolation. A representat
nol; S, SLS. The first letter denotes exposure on the flank; the second le
al a
of
tha
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178 MANETZ, PETTIT, AND MEADE
crease in IL-13 mRNA levels compared to controls, whe
exposure to DNFB, challenge only, and induction/challe
produced only a 4-fold increase in IL-13. Interleukin
mRNA expression was elevated in TDI challenged only (1
fold) and induced/challenged animals (87-fold) compare
the control. Exposure to DNFB or SLS resulted in no m
than a 7-fold increase in IL-10. IL-5 mRNA levels we
elevated approximately 15-fold in the TDI challenged or
duced/challenged animals; and they were relatively unaffe
by DNFB or SLS exposure. Increased levels of IL-4 mR
were observed in TDI-exposed animals, with a 7-fold incr
seen in the TDI-challenged only animals and a 29-fold incr
in the TDI induced/challenged group.

Cytokine Profile after 48 h of Culture

For the Th1 cytokines, IFN-g and IL-2, the trends of ex
ression induced by DNFB, TDI, or SLS following 48 h
ulture with Con A were similar to those observed after 24
ulture with an overall decrease in expression (Fig. 2B; T
). This pattern was also observed with the Th2 cytokines,
nd IL-5. The differential response in IL-6 expression follo

ng DNFB or TDI exposure was more pronounced after 48
ulture with a 3-fold increase observed following induction
nduction/challenge with DNFB and a 13-fold increase foll
ng exposure to TDI. IL-15 was expressed to a much gre
xtent in animals challenged only with TDI (116-fold) co
ared to animals induced and challenged with TDI (no cha
t the 24-h time point. Following 48 h of culture in t
resence of Con A, there were no differences in IL-15 exp
ion between these two groups (14-fold increase). The pa

TAB
Densitometry Analysis of 24-h

Gp IFN-g IL-9 IL-15

A/A 1.09 0.17 0.35
(N 5 2) (0.09) (0.17) (0.01)
A/D 19.8 0.43 0.12
(N 5 2) (5.16) (0.18) (0.06)
D/D 3.18 0.44 1.64
(N 5 1)
A/T 7.88 3.27 40.5
(N 5 1)
T/T 7.86 2.29 0.21
(N 5 1)

/E 1.22 0.37 0.08
(N 5 2) (0.21) (0.03) (0.08)
E/S 4.86 1.29 0.16
(N 5 2) (2.11) (0.01) (0.16)
S/S 1.14 0.47 0.01
(N 5 1)

Note. Volumetric densitometry analysis of the cytokine mRNA levels
xpression compared to the GAPDH and L32 control RNAs. Values in p
ero or lower after background subtraction. A, acetone; D, DNFB; T, TD
enotes challenge on the ear.
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f IL-13 gene expression following TDI or DNFB expos
ere similar following 24 and 48 h of culture. IL-4 and IL-
ere differentially expressed in animals exposed to TDI c
ared to DNFB following 24 h of culture. Following 48 h
ulture, no differences in these cytokine profiles were obse
elated to chemical exposure.

valuation of Samples from Individual Animals

Given that the differences in response to T cell-mediated
espiratory sensitizers were most notable following 24
ulture in Con A, subsequent studies were conducted to fu
valuate this time point. In a separate study, animals
xposed to TDI, DNFB, SLS, ethanol, or acetone following
ame dosing regimen as shown in Table 1. By analyzi
ingle time point, lymph node cell number was no long
imiting factor, allowing for the analysis of samples fro
ndividual animals and statistical analysis of the results. Fi

shows the reproducibility of cytokine profiles between
als following chemical exposure. These profiles are simil

hose seen when pooled samples were examined in Fig
ensitometry allowed for statistical analysis of data from
ividual animals, which revealed increased mRNA level

L-9, IL-15, IL-13, and IL-10 in animals challenged only w
DI compared to the acetone control group (Table 5). Ex

or IL-15, the same cytokines were significantly elevated in
DI induced/challenged animals. Although IL-4 levels w
levated following TDI exposure, the numbers were not

istically significant given the variability in the response.
None of the cytokines assayed were significantly elev

ollowing DNFB induction or induction/challenge. Althou

3
ultures with Concanavalin A

IL-13 IL-10 IL-5 IL-4

0.37 0.14 0.10 0.37
(0.10) (0.14) (0.02) (0.17)
1.62 0.74 0.19 0.32

(1.36) (0.24) (0.19) (0.10)
1.33 1.04 — 0.30

23.5 19.7 1.55 2.67

21.4 12.2 1.42 10.6

0.45 0.18 0.16 0.3
(0.25) (0.10) (0.02) (0.07)
1.25 0.86 0.03 0.20

(0.53) (0.76) (0.03) (0.20)
0.49 0.38 0.32 0.26

m the samples in Fig. 2A. Data presented are the average of their
ntheses are the standard error of replicate samples. —, data in which t
, ethanol; S, SLS. The first letter denotes exposure on the flank; the s
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179CYTOKINE MODULATION FOLLOWING DERMAL CHEMICAL EXPOSURE
the mean expression levels of IFN-g and IL-2 were elevate
several-fold higher than the acetone control, considerable
ation in response was observed between animals. Follo
SLS exposure, no significant differences in the levels
mRNA for any of the cytokines were detected compared to
ethanol control (data not shown).

TAB
Densitometry Analysis of 48-h

Gp IFN-g IL-6 IL-2 IL-9

A/A 0.78 0.20 30.3 0.19
(N 5 2) (0.38) (0.20) (5.12) (0.19)
A/D 3.52 0.69 24.5 0.46
(N 5 2) (0.09) (0.28) (1.25) (0.25)
D/D 1.68 0.72 20.8 0.42
(N 5 2) (0.83) (0.33) (0.83) (0.29)
A/T 3.97 2.61 23.6 1.16
(N 5 1)
T/T 4.05 2.68 33.8 1.87
(N 5 1)
E/E 0.81 0.65 25.6 0.97
(N 5 1)
E/S 1.88 1.43 49.5 1.1
(N 5 2) (1.34) (0.98) (9.09) (0.37)
S/S 2.40 1.66 45.7 2.54
(N 5 1)

Note. Volumetric densitometry analysis of the cytokine mRNA levels
xpression compared to the GAPDH and L32 control RNAs. Values in p
ero or lower after background subtraction. A, acetone; D, DNFB; T, TD
enotes challenge to the ear.

FIG. 3. Evaluation of cytokine mRNA levels for individual anima
raining lymph node cells were isolated from test article or vehicle-exp
nimals and cultured with Con A for 24 h prior to RNA isolation. A, acet
, DNFB; T, TDI; E, ethanol; S, SLS. The first letter denotes exposure o
ank; the second letter denotes challenge on the ear.
ri-
ng
f
e

DISCUSSION

Using the ribonuclease protection assay, these studies
evaluated cytokine mRNA production following Con A sti
ulation by excised draining lymph node cells from mice
lowing dermal exposure to low-molecular-weight chemic
ConA stimulation of cell lines (Iwaiet al.,1992; Harwellet al.,
980) and lymphoid cells from blood (Podwinskaet al.,2000;
uret et al., 2000) and lymphoid tissues (Garnet al., 2000;

Hallquist et al., 2000; Abrahamsohnet al., 2000; Kanget al.,
1999) has been used extensively to investigate the ro
cytokines in the pathogenesis of disease. Numerous s
have demonstrated strong correlations between cytokine
duction following ex vivo mitogen stimulation of lymphoi
cells andin vivo cytokine production or effects. Different
esistance to the intestinal parasiteTrichuris muris between
BA and B10.BR mice is known to be mediated by differen
helper responses, Th2 and TH1, respectively. Cons

ith the ability of the of the CBA mice to eliminate t
arasite, lymphocytes recovered from infected CBA mice
timulated with Con A produced elevated levels of IL
hereas lymphocytes recovered from infected B10.BR

which are permissive forT. muris) produced high levels
NF-g upon Con A stimulation (Soltyset al., 1999). The
pposite response was seen in the case of infection wit
ausative agent of human granulocytic ehrlichiosis, an obl
ntracellular bacterium, in which Th1 responses play an im
ant role early in the infection. C57BL/6 mice demonstra
ncreased levels of IFN-g during the early stages of infecti
ith the bacterium, and splenocytes from infected anim
emonstrated elevated levels of INF-g and decreased levels

4
ultures with Concanavalin A

IL-15 IL-13 IL-10 IL-5 IL-4

0.31 0.23 3.04 0.10 0.
(0.13) (0.23) (3.04) (0.01) (0
1.37 2.54 37.0 0.08 0.
(0.57) (0.15) (2.33) (0.06) (0
0.56 1.42 23.7 0.15 0.
(0.56) (1.42) (12.2) (0.03) (0
4.33 18.3 40.3 0.52 0.

4.23 9.14 42.5 0.13 0.

0.06 — 0.32 0.06 0.

0.37 1.38 7.06 0.17 0
(0.25) (1.2) (6.01) (0.03) (0.
0.01 0.72 0.40 0.23 0

m the samples in Fig. 2B. Data presented are the average of their
ntheses are the standard error of replicate samples. —, data in which t
, ethanol; S, SLS. The first letter denotes exposure on the flank; the s

d
;
e

LE
C

fro
are
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180 MANETZ, PETTIT, AND MEADE
IL-4 upon stimulation with ConA (Akkoyunlu and Fikri
2000). In a model of autoimmunity, treatment with the pro
UK-114 has been demonstrated to dose-dependently inhib
development of Th1-induced diabetis in NOD mice.In vitro
Con A stimulation of splenocytes recovered from BAL
mice following 2 weeks of exposure to UK-114 demonstr
an increase in IL-4 production and a decrease in the produ
of TNF-a, INF-g, and IL-2 (Paneraiet al., 1999). An evalua
tion of the serum of patients with Hashimoto’s thyroid
demonstrated an elevation in IL-2, TNF-a, and INF-g, which
correlated with an increase in IL-2 and TNF-a upon ConA
timulation of their blood lymphocytes (Drugarinet al.,2000).
he ribonuclease protection assay was chosen for use in
tudies due to its ability to simultaneously detect sev
RNA species in a single sample. The multiprobe ribonu
se protection assay system incorporates a series of

emplates into one reaction, which allows comparative ana
f different mRNAs within samples, and, with housekeep
ene probes included, the mRNA levels between sample
lso be compared. Like RT–PCR, which would require as

ng each mRNA separately, ribonuclease protection assa
ighly sensitive and specific method for detection and qu
cation of mRNA; however, since there is no amplification
he signal as with RT–PCR, there is less of an opportuni
ntroduce and amplify experimental error. Therefore, in th
tudies, combining the use of mitogen driven lymphoc
rom chemically exposed animals with the ribonuclease
ection assay allowed for the rapid identification of the mR
f a panel of cytokines from single samples.
Many chemicals have been associated with asthma wi
complete understanding of the underlying mechanisms.

nowledge of the mechanisms involved, hazard identifica
nd prevention methods can significantly improve. Most s

es related to investigations of cytokine modulation follow
hemical exposure have focused on the evaluation of the
uction of IL-4, IL-10, and IFN-g to determine the derm

sensitization potential of chemicals and to differentiate co
from respiratory sensitizers (Dearmanet al., 1999). The RPA

TAB
Evaluation of Cytokine mRNA Levels for In

Group A/A A/D

IL-9 0.416 0.21 0.756 0.30
IL-15 0.276 0.16 0.386 0.17
IL-13 0.226 0.22 1.796 0.59
IL-10 0.386 0.29 2.196 0.67

Note.Volumetric densitometry analysis of the cytokine mRNA levels
for A/D and T/T,N 5 3 for D/D and A/T, andN 5 2 for A/A. One sam

e processed due to insufficient RNA isolation. For each cytokine for
xpression compared to both the GAPDH and L32 control RNAs. A, ac
ank; the second letter denotes challenge on the ear.

a p , 0.05 compared to the acetone group using Cochran’st test.
b p , 0.01 compared to the acetone group using Cochran’st test.
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patterns of IL-4, IL-10, and IFN-g mRNA expression observ
in these studies following TDI and DNFB exposure w
consistent with those previously reported for respiratory a
cell-mediated sensitizers (Dearmanet al., 1996, Warbricket
al., 1998). The increased expression of IFN-g mRNA follow-
ing DNFB exposure was only observed following induc
with DNFB during the sensitization phase. When animals w
induced and then challenged with DNFB, the levels of IFg
produced following 24 h of culture in Con A were lower th
those observed following induction or induction and challe
with TDI.

Expression of mRNA of other Th2 cytokines and cytoki
associated with asthmatic responses were also found
markedly elevated following exposure to TDI, but not
DNFB or SLS. Lymph node cells from TDI-exposed anim
expressed elevated levels of IL-9 and IL-13. This profile
reproducible and statistically significant compared with re
from the control group. Human studies have demonstrate
increased expression of IL-9 mRNA in the lung tissue
association with asthma (Levittet al., 1999; Shimbaraet al.,

000). Interleukin-9 has the ability to encourage IgE pro
ion in mice (Petit-Frereet al.,1993) and to induce the prol
ration and differentiation of mast cells, one of the m
ffector cells in IgE-mediated responses. It has also
hown to have a distinct role in globlet cell hyperplasia
ucus production (Townsendet al., 2000). Studies sugge

hat IL-9 is largely produced by mast cells following activat
Moeller et al., 1990; Hultneret al., 2000). In these studie
L-9 was found to be upregulated early in mice follow
nduction (challenge-only animals) and to remain elevate
nimals following both induction and challenge. IL-13 is a T
ell cytokine that shares many of the biological effects of I
ncluding an influence on IgE production (McKenzieet al.,
999). In addition, IL-13 is necessary for the induction
irway hyperresponsiveness and other characteristics of
ic asthma in mice (Gruniget al., 1998; Wills-Karp et al.,
998). A genetic polymorphism of the IL-13 gene found
umans correlated with increased serum IL-13 levels

5
idual Animals Following 24 h of Incubation

D/D A/T T/T

1.506 0.62 10.56 1.56a 24.7 6 3.70b

0.516 0.08 12.16 1.57a 2.326 0.53
1.876 0.69 58.06 2.89b 23.0 6 3.53b

1.846 0.88 26.96 4.18a 11.5 6 3.28a

the samples in Fig. 3. The data presented are the dose group mean6 SE.N 5
for the D/D and A/T and two samples for the A/A exposure groups cou
individual animals, the densitometric value used was the average o

ne; D, DNFB; T, TDI; E, ethanol; S, SLS. The first letter denotes expo
LE
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181CYTOKINE MODULATION FOLLOWING DERMAL CHEMICAL EXPOSURE
asthma (Heinzmannet al., 2000). This suggests a central r
for IL-13 in asthma. Like IL-9, IL-13 levels were elevat
following both induction and challenge in previously sensit
mice.

Although isocyanate exposure is one of the most freq
causes of occupational asthma, the underlying mechanism
not completely understood. Pharmacological, irritant, and
munological mechanisms have been proposed (Bern
1996; Deschampset al.,1998; Mappet al.,1994). In studies o
isocyanate-exposed workers, isocyanate-specific antib
have been detected in only an average of 15% of sympto
patients (Deschampset al., 1998). TDI has been shown
induce high levels of total IgE in mice (Potter and Wederbr
1995; Manetz and Meade, 1999; Scheerenset al.,1999 Shim
baraet al., 2000) and has also been shown to have the a
to elicit T cell-mediated responses (Kimet al.,1998; Thorneet
al., 1987). Interleukin-15 has been demonstrated to be invo
in pathways leading to both IgE- and cell-mediated respo
Interleukin-15 promotes T cell proliferation, is involved
natural killer cell development and cytolytic activity, and
induce mast cell growth, therefore promoting IgE-medi
responses (Tagayaet al.,1996). In these studies, IL-15 mRN
was elevated following induction with TDI. In animals bo
induced and subsequently challenged with TDI, levels of IL
expression were not significantly elevated above those i
control. Elevations in IFN-g, a Th1 cytokine, have also be
emonstrated following dermal TDI exposure (Vanderwieet
l., 2000). Consistent with these findings, IFN-g levels were
levated approximately sevenfold in animals either induce

nduced and challenged with TDI.
Dermal exposure to TDI, a potent respiratory sensit

nduced a distinct cytokine mRNA profile in the lymph no
raining the exposure site. As is consistent with prev
tudies, IL-4 and IL-10, cytokines known to support I
ediated responses, were elevated following TDI exposu
ddition, these studies demonstrate the elevation of IL-9
3, and IL-15. Though preliminary, these studies offer ins

nto the mechanisms of respiratory hypersensitivity respo
nduced by dermal allergen exposure and may offer addit
ndpoints for methods that screen chemicals for their abil

nduce pulmonary hypersensitivity responses.
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