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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.
Appl. Pharmacol. 171,174-183.

Differential modulation has been demonstrated in interleukin-4
(IL-4), IL-10, and interferon gamma (IFN-y) 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 mMRNA 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 +5 female BALB/c mice were
exposed to either test article or vehicle on the shaven dorsal
lumbar region; on days +10 through +12 the mice received test
article on the dorsal aspect of each ear. On day +13 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-vy 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
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immunity, and occur within minutes of exposure in sensitize(
individuals. Conversely, T cell-mediated hypersensitivity re:
sponses are inhibitory toward IgE production, predominant!
involve cell-mediated immunity, and occur 24 to 72 h follow-
ing exposure in sensitized individuals.

T cells play a predominant role in the development of IgE
and T cell-mediated hypersensitivity responses and two distin
T cell subsets (T helper (Th)1 and Th2) have been identifie
T-helper 1 cells promote cell-mediated immunity and are de
fined by their secretion of interleukin (IL)-2, interferon gammea
(IFN-v), and lymphotoxin (LT). IFNy inhibits the prolifera-
tion of Th2 cells and favors Thl cell development (Gajewsk
and Fitch, 1998; Fong and Mosmann, 1989; Sauleieal.,
1995). IFN+y has also been shown to inhibit the production of
IgE antibody and instead to promote the secretion of,jgé&h
antibody that supports cell-mediated immune response
(Finkelmanet al., 1988a). Th2 cells are recognized by their
secretion of IL-4, IL-5, IL-6, and IL-10, cytokines that support
humoral immune responses. IL-4 is necessary for the produ
tion of IgE, and therefore favors the potential for immediate
hypersensitivity responses (Finkelman al., 1988b, 1986).
IL-5 synergizes with IL-4 to induce IgE antibody to a variety
of antigens (Nagagt al.,1999; Purkerson and Isakson, 1992).
The increased proliferation and differentiation of B cells intc
antibody-secreting plasma cells by IL-6 and IL-10 also encoul
ages a humoral immune response (Kishimoto, 1989; Choe a
Choi, 1998). The cell proliferation induced by some Th2 cy-
tokines can be selective. This was demonstrated by the abili
of IL-4 and IL-10 to favor Th2 cell proliferation and develop-
ment over that of Thl cells (Fernandez-Botretnal., 1988;
Bradleyet al., 1995; Swainret al., 1990).

Although primarily IgE-mediated (e.g., platinum salts-in-
duced) and T cell-mediated (e.g., dinitrofluorobenzene-ir
duced) disease processes may occur, frequently, and especi

Chemical exposure can cause a variety of adverse heatilthe case of pulmonary responses, multiple mechanisms &
effects including IgE-mediated (immediate hypersensitivityijvolved. The clinical signs and symptoms resulting in asthm
and T cell-mediated (delayed hypersensitivity) responses. IgRay result from numerous disease processes. Even thoug!
mediated hypersensitivity responses are associated with sirong correlation exists between elevated levels of IgE ar
creased total serum IgE levels, principally involve humordhcreased bronchial reactivity when evaluating responses
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CYTOKINE MODULATION FOLLOWING DERMAL CHEMICAL EXPOSURE 175

common areoallergens such as dust mite and pollen, it has been TABLE 1
proposed that IgE be seen as a marker for a complex immune Design of the Ribonuclease Protection Assay Studies
response that may include cellular responses and mediators

released from mast cells (Platts-Mills, 1992). In cases &f°UP Induction (days 0 and 5) Challenge (days 10-12)
asthma resulting f.rom exposure to Iow-molecglar-we|ght a”t'A/A Acetone Acetone
gens such as the isocyanates, the role of IgE is less clear, witfp Acetone 0.15% DNFB
only 10-30% of affected individuals showing elevated IgED/D 0.15% DNFB 0.15% DNFB
levels, and a role for cell-mediated processes has been pAT Acetone 1.5% TDI
. . 0, 0,

posed (Weissman and Lewis, 2000). T 1.5% TDI 1.5% TDI

Studies into the immunological consequences of dermaE/E 30% Ethanol 30% Ethanol

_ 0109 a /s 30% Ethanol 40% SLS

exposure to chemical sensitizers have demonstrated the abiligys 40% SLS 40% SLS

of such chemicals to induce cellular proliferation in the lymph
nodes draining the exposure site (Kimbem_,lggg)_ Because Note.Induction was via dermal application of the chemical to the shave

many cytokines modulate proliferation and differentiation d:forsal lumbar region, and challenge was via dermal application to the dors
| hoid cell toki files in draining | h nodes h surface of both ears. Animals were euthanized 1 day following final chemics
ymphoid cells, cylokine profiles in draining lymph nodes avgpplication and the draining lymph nodes were excised aseptically. A, acetor

been evaluated as a method of identifying the sensitiziBgJpnFs; T, TDI; E, ethanol; S, SLS. The first letter denotes exposure on th
potential of chemicals and of providing a better understandifighk; the second letter denotes challenge on the ear.

of the mechanisms of chemically induced allergic responses.

Two secretion patterns, closely resembling Th1l and Th2 cyto-

kine secretion profiles, have been observed (Dearetaal., cause T cell-mediated contact hypersensitivity responses an
1997). The profiles induced were dependent on the chemical$il cytokine secretion profile in mice (Phanupledlal.,1974;
ability to invoke primarily respiratory sensitization or a TGarcia-Perez, 1974; Dearmaat al., 1996). Sodium lauryl
cell-mediated hypersensitivity response. Increased levels sofifate is known for its ability to cause irritation (Lee and
IL-2 and IFN-y were found following T cell-mediated allergenMaibach, 1995) and was used as a control.

exposure and increased levels of IL-4 and IL-10 were detected

following dermal exposure to chemicals with the ability to MATERIALS AND METHODS

induce respiratory sensitization. Using the same exposure reg-

imen, similar kinetic profiles were found when comparing Animals. Pathogen-free female BALB/c mice ages 8 to 10 weeks (Na
cytokine (IL-2, IL-4, IL-10, and IFNy) protein levels mea- tional Cancer Institute Animal Program, Frederick, MD) were used for thes

. . studies. Animals arrived at 4 to 6 weeks of age with body weights between 1
sured by ELISA, and cytokine mRNA levels determined by g y weig

. A . ~&nd 23 g. Animals were quarantined for 1 week prior to use and assigned
RT-PCR. This SUggeslted that the quantlflpatlon of PrOtem Rmogenous weight groups for exposure. Mice, individually identified via tai
MRNA levels of cytokines may be useful in evaluating theiattoo, were housed four per cage in plastic cages with sawdust beddir

alteration following dermal exposure to these chemicals (Waqmimal care and use were performed following NIH guidelines. The animal.
brick et al.. 1998: Ryanet al 1998) were maintained on a 12-h light/dark cycle with the ambient air at 18—-26°¢(
o ’ " ) d 40-70% relative humidity. Food (Agway Rat and Mouse Ration; NIH 07

The purpose of these studies was to investigate the leﬂ tap water were availabie libitum.

expression pI’OfI|e of an extended panel of CytOkmeS for mOd'Chemicalls. Toluene 2,4-diisocyanate (purity 99.6%), 2,4-dinitrofluoro-

ulation in the draining lymph nodes of animals followingyenzene (purity= 99%), sodium lauryl sulfate (puritg: 95%), and acetone

dermal exposure to respiratory or T cell-mediated sensitizegsurity 99.8%), the vehicle for TDI and DNFB, were purchased from Sigme
The method used examined IL-4, IL-10, and IFNmessage (St. Louis, MO). Ethanol, the SLS vehicle, was purchased from Fisher Sciet
levels to allow for comparison with the results obtained iplﬁc (Pittsburgh, PA) and diluted to 30% with deionized water. The concen

. tudi Additi I th toki h . | trations of TDI (1.5%) and DNFB (0.15%) used are recognized as inducin
previous studies. iionally, other Cytokineés whose Invo V%Tmilar levels of proliferation in the local lymph node assay and 40% SLS i

ment in chemically induced hypersensitivity reactions are nfown to be significantly irritating in a mouse ear swelling irritancy assay
as well characterized (i.e., IL-5, IL-6, IL-9, IL-13, and IL-15)(Manetz and Meade, 1999; Woolhiset al., 1998).
were measured. These studies used the following chemicalBxposure and tissue isolation. A modified version of the exposure
known primarily to induce respiratory sensitization, T cellmethod described by Dearmanal. (1996) was used with four mice per dose
mediated hypersensitivity responses, or irritation: toluene §°uP (Table 1). One day prior o initial chemical exposure, the mice wer
. .. . anesthetized and their dorsal lumbar area was shaved. The mice recejvied 5(
isocyanate (TDI), d|n|tr0fluorqpenzene (DN FB), and SOd'l{ the test article or the vehicle to the shaved site on day 0 and 5 days later (d
lauryl sulfate (SLS). Toluene diisocyanate is well known for it§). ater 5 days of rest, the mice received 25of the chemical to the dorsal
ability to induce occupational asthma (Bernstein, 1996yrface of each ear, once daily for 3 consecutive days (days 10—12). Anime
Deschampset al., 1998; Mappet al., 1994). Topical TDI tha_t received the vehicle on the dorsal lumbar area on days 0 and 5 and the 1
exposure leads to increased total serum IgE levels and a -ﬂl:f?b on_the ear on days_ 10-12, are refer_red to as “challenged only.” Tho
. . . . %—!o received the test article to both locations on days 0, 5, and 10-12 a
CytOkme secretion pattern in mice (Manetz and Meade, 19 ferred to as “induced/challenged.” Twenty-four hours following the final
Tee et al., 1998; Sonet al., 1998; Dearmaret al., 1996). chemical application, the animals were euthanized (day 13) vigi@@lation.
Dinitrofluorobenzene is a chemical known for its ability tarhe draining cervical lymph nodes, located at the bifurcation of the jugula
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DNFB DI SLS #P-labeled complementary RNA probes were generated to the followin
mouse cytokines: IL-2, -4, -5, -6, -9, -10, -13, -15, IRN-and two mouse
A/AADD/D  A/AATTIT  EE E/S S/S control MRNA products (L32 and GAPDH).
-y - 1L-4 Ribonuclease protection assayFor the analysis of draining lymph node
- IL-5 cytokine mRNA, the Riboguant Multi-Probe RNase Protection Assay Kif
= - IL-10 (PharMingen) was employed according to the manufacturer’s instructions. Tf
- IL-13 previously isolated RNA samples in the hybridization buffer were incubate
with the *P-labeled mck-1 template set probes for 16 h at 56°C to allow fol
< IL-15 hybridization. Nonhybridized RNA was destroyed by adding RNase A to the
samples. Hybridized RNA was isolated following proteinase K digestion by
- IL-9 phenol-chloroform and isoamyl alcohol extraction and ethanol precipitatior
The hybrids were then heat denatured and separated on a 5% denatur
o - - IL-2 polyacrylamide gel. The gels were dried and exposed with Biomax-MR filrr
(Kodak) for 24 to 144 h. For quantification, densitometry analysis was per
- IL-6 formed using a Molecular Dynamics Computing Densitometer. Analysis wa

performed using Image Quant Version 3.3 Software for the IBM. For eacl
band, central areas of identical size were analyzed within and between gels

-~ IFN-y each individual cytokine, thus minimizing the potential for variation of anal-
ysis between gels. Overall background was subtracted from each densitome
value. Data presented are the average percentage expression relative to
and GAPDH as determined using the following equation:

- L32 (cytokine/L32+ cytokine/GAPDH)/2x 100.

For statistical analysis, Cochrart'$est was used because the sample numbe

. -~ GAPDH per dose group varied (Cochran and Cox, 1975).

FIG. 1. Ribonuclease protection assay results from mRNA isolated from RESULTS
draining lymph node cells following exposure to DNFB, TDI, or SLS. Animals
were exposed as described, and the draining lymph nodes were excised anghjtial studies evaluated mRNA isolated from draining
pooled per group 24 h following final exposure. A representative samplelgzph node cells of chemically exposed mice 24 h following

shown for each exposure condition. A, acetone; D, DNFB; T, TDI; E, ethanot; | hemical . - Tabl ith th .
S, SLS. The first letter denotes exposure on the flank; the second letter den ast chemical exposure (Flg. 1; Table 2)- With the exceptio

challenge to the ear.
TABLE 2

Densitometry Analysis of Freshly Isolated Lymph Node Cells
vein, were aseptically excised and placed into RPMI 1640 growth medium

(Sigma) supplemented with 10% fetal calf serum, 25 mM Hepes, 0.2% sodiumGp IFN-y IL-10 IL-4

bicarbonate solution, and 1000 units/ml of penicillin/streptomycin. For the

initial time-course study, the lymph nodes of two animals within each dog¢A 0.42 0.27 0.23

group were pooled (N= 2) in order to allow for a sufficient number of cells. (N = 1)

Aliquots of the pooled cells were then taken and the mRNA was isolatédD 0.81 0.41 0.07

immediately or following 24 or 48 h of culture as described below. In thosN = 3) (0.18) (0.12) (0.04)

cases in which cell number was ample, cultures were done in duplicate. For B 0.51 0.75 0.39

final study, when only a single time point was evaluated (following 24 h dN = 1)

culture), mRNA from individual animals was evaluated. AT 1.06 0.31 0.28
Lymph node cell preparation and culture. A modified version of the (N=2) (8.3(2)) ((1).3(1)) (g'gi)

method used by Dearmat al. (1996) was used. Lymph nodes were dissoci-N -2 (0'55) (1'00) (1'97)

ated using the frosted ends of two microscope slides. Viable cell counts w: r% 1'97 o -

determined using trypan blue exclusion and the cells were centrifuged at 1 -1 ’

rpm (260g) for 10 min. The supernatant was removed and the cells w

resuspended in the RPMI to a concentration dfddis/ml. 5.5x 10° cells per S 028 0.3 0.07

well were plated into a sterile 48-well plate and incubated at 37°C with 5‘%‘ =3 (0.28) 0.17) (0.07)

CO, with or without 2 ug/ml of concanavalin A (Con A) for 24 or 48 h. N = 1) 2.23 0.49 o

RNA isolation. The freshly isolated lymph node cells (55 10°) or the
cell cultures were centrifuged as before and the supernatant was removed afghte \olumetric densitometry analysis of the cytokine mRNA levels from
discarded. The cells were resuspended in 1 ml of Trizol (Gibco, Grand IslaRdle samples in Fig. 1. Data presented are the average of their percent:
NY) with RNA isolated according to the manufacturer’s instructions. Th@xpression compared to the GAPDH and L32 control RNAs. Values ir
RNA was vacuum dried (1 h), resuspended inuiof hybridization buffer parentheses are the standard error of replicate samples. —, data in which
(PharMingen, San Diego, CA), and stored-at0" C until analysis. value was zero or lower after background subtraction. A, acetone; D, DNFE

Probe synthesis. A mck-1 probe template set and BmVitro Transcription T, TDI; E, ethanol; S, SLS. The first letter denotes exposure on the flank; th
kit (PharMingen) were used according to the manufacturer's instructiorsecond letter denotes challenge on the ear.
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A 24 Hours + Con A B 48 Hours + Con A
DNFB TDI SLS DNFB TDI SLS
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FIG. 2. Cytokine profile of draining lymph node cells following dermal allergen exposure and 24 (A) or 48 h (B) of incubation with Congh Qells
isolated from the experiment in Fig. 1 were then cultured in the presence of Con A for the given amount of time, prior to RNA isolation. A representative
is shown for each exposure condition. A, acetone; D, DNFB; T, TDI; E, ethanol; S, SLS. The first letter denotes exposure on the flank; the second letter
challenge on the ear.

-} L32

~}— GAPDH

of an elevation (12-fold) in IL-4 expression following induc-sensitizers, the most robust response was observed inylFN
tion and challenge exposure to TDI, minimal alterations ilevels following challenge only with DNFB (18-fold increase
cytokine expression following exposure to the three chemicailser controls). A 7-fold increase in IFN{evels was observed
were observed in comparison to controls. Interleukin-10 leveals TDI challenged only or TDI induced/challenged animals
were increased 3- to 4-fold over controls in animals that weF®r animals both induced and challenged with DNFB, the leve
induced and challenged with DNFB or TDI. Interferon gammaf IFN-vy (3-fold increase compared to control) was lower thar
expression was slightly elevated (2- to 3-fold increase) that observed in animals exposed to TDI and similar to thé
animals challenged only with DNFB or TDI and inducedéeen in animals challenged only with SLS. Interleukin-2 ex
challenged with TDI. pression was not significantly altered in any of the exposur
) ) groups.
Cytokine Profile after 24 h of Culture More of a differential response was obtained when Th:
During the culture periods, the cells were incubated in tif&/tokines and cytokines more frequently associated with &
presence or absence of@/ml Con A, a T cell mitogen known IgE-mediated response were evaluated. The most robust |
to induce cytokine secretion by allergen-exposed drainigonses were observed in IL-9, -13, -15, and -10 mRN¢
lymph node cells (Dearmagt al.,1995). In the absence of Conexpression following exposure to TDI. The mRNA levels for
A, overall mRNA expression (cytokine and housekeeping-9 were only elevated in TDI-exposed animals, with a 19-
genes) in the 24- and 48-h cultures was too low to allow fé@ld increase observed in the challenged only group and
characterization (data not shown). Following 24 h of incubd4-fold increase observed in the induced/challenged grot
tion in Con A, the cells isolated from animals exposed to TDtompared to the acetone control. Interleukin-15 mRNA expre:
DNFB, or SLS demonstrated a differential pattern of cytokingon was increased 116-fold in the TDI-challenged only ani
MRNA expression (Fig. 2A; Table 3). mals, with minimal alterations in the other exposure group
When evaluating Thl cytokines, whose levels are antidompared to the controls. TDI-challenged only and inducec
pated to be increased following exposure to T cell-mediatetiallenged animals demonstrated an approximate 60-fold i
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TABLE 3
Densitometry Analysis of 24-h Cultures with Concanavalin A

Gp IFN-y IL-9 IL-15 IL-13 IL-10 IL-5 IL-4
AIA 1.09 0.17 0.35 0.37 0.14 0.10 0.37
(N = 2) (0.09) (0.17) (0.01) (0.10) (0.14) (0.02) (0.17)
AID 19.8 0.43 0.12 1.62 0.74 0.19 0.32
(N = 2) (5.16) (0.18) (0.06) (1.36) (0.24) (0.19) (0.10)
D/D 3.18 0.44 1.64 1.33 1.04 — 0.30
(N=1)

AIT 7.88 3.27 40.5 235 19.7 1.55 2.67
(N=1)

T 7.86 2.29 0.21 21.4 12.2 1.42 10.6
(N=1)

E/E 1.22 0.37 0.08 0.45 0.18 0.16 0.3
(N =2) (0.21) (0.03) (0.08) (0.25) (0.10) (0.02) (0.07)
E/S 4.86 1.29 0.16 1.25 0.86 0.03 0.20
(N = 2) (2.11) (0.01) (0.16) (0.53) (0.76) (0.03) (0.20)
sIs 1.14 0.47 0.01 0.49 0.38 0.32 0.26
(N=1)

Note. Volumetric densitometry analysis of the cytokine mRNA levels from the samples in Fig. 2A. Data presented are the average of their perc
expression compared to the GAPDH and L32 control RNAs. Values in parentheses are the standard error of replicate samples. —, data in which the \
zero or lower after background subtraction. A, acetone; D, DNFB; T, TDI; E, ethanol; S, SLS. The first letter denotes exposure on the flank; the secol
denotes challenge on the ear.

crease in IL-13 mRNA levels compared to controls, wherea$ IL-13 gene expression following TDI or DNFB exposure
exposure to DNFB, challenge only, and induction/challengeere similar following 24 and 48 h of culture. IL-4 and IL-10
produced only a 4-fold increase in IL-13. Interleukin-1Qvere differentially expressed in animals exposed to TDI com
MRNA expression was elevated in TDI challenged only (14pared to DNFB following 24 h of culture. Following 48 h of
fold) and induced/challenged animals (87-fold) compared twlture, no differences in these cytokine profiles were observe
the control. Exposure to DNFB or SLS resulted in no monelated to chemical exposure.
than a 7-fold increase in IL-10. IL-5 mRNA levels were
elevated approximately 15-fold in the TDI challenged or inEvaluation of Samples from Individual Animals
duced/challenged animals; and they were relatively unaffecteds;yen that the differences in response to T cell-mediated ar
by DNFB or SLS exposure. Increased levels of IL-4 MRNAgpiratory sensitizers were most notable following 24 h o
were observed in TDI-exposed animals, with a 7-fold increaggjyre in Con A, subsequent studies were conducted to furth
seenin the.TDI-chaIIenged only animals and a 29-fold increasg, | ate this time point. In a separate study, animals we
in the TDI induced/challenged group. exposed to TDI, DNFB, SLS, ethanol, or acetone following th
same dosing regimen as shown in Table 1. By analyzing
single time point, lymph node cell number was no longer :
For the Thl cytokines, IFN+and IL-2, the trends of ex- limiting factor, allowing for the analysis of samples from
pression induced by DNFB, TDI, or SLS following 48 h ofindividual animals and statistical analysis of the results. Figur
culture with Con A were similar to those observed after 24 h & shows the reproducibility of cytokine profiles between ani
culture with an overall decrease in expression (Fig. 2B; Talteals following chemical exposure. These profiles are similar t
4). This pattern was also observed with the Th2 cytokines, ILtBose seen when pooled samples were examined in Fig. 2
and IL-5. The differential response in IL-6 expression followbensitometry allowed for statistical analysis of data from in.
ing DNFB or TDI exposure was more pronounced after 48 h dfvidual animals, which revealed increased mRNA levels o
culture with a 3-fold increase observed following induction diL-9, IL-15, IL-13, and IL-10 in animals challenged only with
induction/challenge with DNFB and a 13-fold increase follow¥DI compared to the acetone control group (Table 5). Excey
ing exposure to TDI. IL-15 was expressed to a much greafer IL-15, the same cytokines were significantly elevated in the
extent in animals challenged only with TDI (116-fold) comTDI induced/challenged animals. Although IL-4 levels were
pared to animals induced and challenged with TDI (no changaivated following TDI exposure, the numbers were not ste
at the 24-h time point. Following 48 h of culture in thetistically significant given the variability in the response.
presence of Con A, there were no differences in IL-15 expres-None of the cytokines assayed were significantly elevate
sion between these two groups (14-fold increase). The pattefolfowing DNFB induction or induction/challenge. Although

Cytokine Profile after 48 h of Culture
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TABLE 4
Densitometry Analysis of 48-h Cultures with Concanavalin A

Gp IFN-y IL-6 IL-2 IL-9 IL-15 IL-13 IL-10 IL-5 IL-4

AA 0.78 0.20 30.3 0.19 0.31 0.23 3.04 0.10 0.40
(N = 2) (0.38) (0.20) (5.12) (0.19) (0.13) (0.23) (3.04) (0.01) (0.29)
AID 3.52 0.69 24.5 0.46 1.37 2.54 37.0 0.08 0.05
(N = 2) (0.09) (0.28) (1.25) (0.25) (0.57) (0.15) (2.33) (0.06) (0.05)
D/D 1.68 0.72 20.8 0.42 0.56 1.42 23.7 0.15 0.19
(N =2) (0.83) (0.33) (0.83) (0.29) (0.56) (1.42) (12.2) (0.03) (0.19)
AT 3.97 2.61 23.6 1.16 433 18.3 40.3 0.52 0.20
(N=1)

T 4.05 2.68 33.8 1.87 4.23 9.14 425 0.13 0.6
(N=1)

E/E 0.81 0.65 25.6 0.97 0.06 — 0.32 0.06 0.13
(N=1)

E/S 1.88 1.43 49.5 1.1 0.37 1.38 7.06 0.17 0.14
(N = 2) (1.34) (0.98) (9.09) (0.37) (0.25) (1.2) (6.01) (0.03) (0.14)
sIs 2.40 1.66 45.7 2.54 0.01 0.72 0.40 0.23 0.09
(N=1)

Note. Volumetric densitometry analysis of the cytokine mRNA levels from the samples in Fig. 2B. Data presented are the average of their perc
expression compared to the GAPDH and L32 control RNAs. Values in parentheses are the standard error of replicate samples. —, data in which the \
zero or lower after background subtraction. A, acetone; D, DNFB; T, TDI; E, ethanol; S, SLS. The first letter denotes exposure on the flank; the secol
denotes challenge to the ear.

the mean expression levels of IFNand IL-2 were elevated DISCUSSION

several-fold higher than the acetone control, considerable vari-

ation in response was observed between animals. Following’sing the ribonuclease protection assay, these studies he
SLS exposure, no significant differences in the levels &valuated cytokine mRNA production following Con A stim-
mRNA for any of the cytokines were detected compared to théation by excised draining lymph node cells from mice fol-

ethanol control (data not shown). lowing dermal exposure to low-molecular-weight chemicals
ConA stimulation of cell lines (lwaét al.,1992; Harwellet al.,
ATk D o DD - 1980) and lymphoid cells from blood (Podwinsigal., 2000;
-y e o L4 Muret et al., 2000) and lymphoid tissues (Gaat al., 2000;
B el - 1L Hallquist et al., 2000; Abrahamsohet al., 2000; Kanget al.,
S 1 - e L0 1999) has been used extensively to investigate the role
o4 = .". - IL-13 cytokines in the pathogenesis of disease. Numerous studi
- 1 - IL15 have demonstrated strong correlations between cytokine pr
: duction following ex vivo mitogen stimulation of lymphoid
-!?' 2 cells andin vivo cytokine production or effects. Differential

: . » <12 resistance to the intestinal parasifechuris muris between
e oees ® ageste - CBA and B10.BR mice is known to be mediated by differentia

T helper responses, Th2 and TH1, respectively. Consiste
- 1N with the ability of the of the CBA mice to eliminate the
parasite, lymphocytes recovered from infected CBA mice an
stimulated with Con A produced elevated levels of IL-5,
whereas lymphocytes recovered from infected B10.BR mic
- L322 (which are permissive foll. muris) produced high levels of
INF-y upon Con A stimulation (Soltyet al., 1999). The
opposite response was seen in the case of infection with tl
causative agent of human granulocytic ehrlichiosis, an obliga
intracellular bacterium, in which Th1 responses play an impot

FIG. 3. Evaluation of cytokine mRNA levels for individual animals. tant role ea”y in the infection. C57BL/6 mice demonstratec
Draining lymph node cells were isolated from test article or vehicle-exposed '

animals and cultured with Con A for 24 h prior to RNA isolation. A, aceton Increased levels of IFNl'du”ng the early stages of infection

3

D, DNFB: T, TDI: E, ethanol; S, SLS. The first letter denotes exposure on tNéith the bacterium, and splenocytes from infected animal
flank; the second letter denotes challenge on the ear. demonstrated elevated levels of INfjFand decreased levels of

-4— GAPDH
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TABLE 5
Evaluation of Cytokine mRNA Levels for Individual Animals Following 24 h of Incubation

Group AIA A/ID D/D AIT T

IL-9 0.41+0.21 0.75+ 0.30 1.50+ 0.62 10.5+ 1.56° 24.7 +3.70
IL-15 0.27+0.16 0.38+0.17 0.51+ 0.08 12.1+ 1.57 2.32+0.53
IL-13 0.22+ 0.22 1.79+ 0.59 1.87+ 0.69 58.0+ 2.89 23.0 =352
IL-10 0.38+ 0.29 2.19+ 0.67 1.84+ 0.88 26.9+ 4.18 115 +3.28

Note.Volumetric densitometry analysis of the cytokine mRNA levels from the samples in Fig. 3. The data presented are the dose graupEniarn
4 for A/ID and T/T,N = 3 for D/D and A/T, andN = 2 for A/A. One sample for the D/D and A/T and two samples for the A/A exposure groups could n
be processed due to insufficient RNA isolation. For each cytokine for the individual animals, the densitometric value used was the average of pel
expression compared to both the GAPDH and L32 control RNAs. A, acetone; D, DNFB; T, TDI; E, ethanol; S, SLS. The first letter denotes exposure
flank; the second letter denotes challenge on the ear.

®p < 0.05 compared to the acetone group using Cochrarté&st.

®p < 0.01 compared to the acetone group using Cochréarist.

IL-4 upon stimulation with ConA (Akkoyunlu and Fikrig, patterns of IL-4, IL-10, and IFNr mMRNA expression observed
2000). In a model of autoimmunity, treatment with the proteiim these studies following TDI and DNFB exposure were
UK-114 has been demonstrated to dose-dependently inhibit twnsistent with those previously reported for respiratory and
development of Thl-induced diabetis in NOD mite.vitro cell-mediated sensitizers (Dearmahal., 1996, Warbricket
Con A stimulation of splenocytes recovered from BALB/@l., 1998). The increased expression of IFNRARNA follow-
mice following 2 weeks of exposure to UK-114 demonstratédg DNFB exposure was only observed following induction
an increase in IL-4 production and a decrease in the productieith DNFB during the sensitization phase. When animals wer
of TNF-«, INF-y, and IL-2 (Paneraét al., 1999). An evalua- induced and then challenged with DNFB, the levels of lfzN-
tion of the serum of patients with Hashimoto’s thyroiditiproduced following 24 h of culture in Con A were lower than
demonstrated an elevation in IL-2, TNE-and INF+y, which those observed following induction or induction and challeng
correlated with an increase in IL-2 and TNE-upon ConA with TDI.
stimulation of their blood lymphocytes (Drugaéh al.,2000). Expression of mRNA of other Th2 cytokines and cytokines
The ribonuclease protection assay was chosen for use in thessociated with asthmatic responses were also found to
studies due to its ability to simultaneously detect sevenalarkedly elevated following exposure to TDI, but not to
MRNA species in a single sample. The multiprobe ribonucl®NFB or SLS. Lymph node cells from TDI-exposed animals
ase protection assay system incorporates a series of DB¥pressed elevated levels of IL-9 and IL-13. This profile wa
templates into one reaction, which allows comparative analyseproducible and statistically significant compared with result
of different mMRNAs within samples, and, with housekeepinfjom the control group. Human studies have demonstrated :
gene probes included, the mRNA levels between samples @acreased expression of IL-9 mRNA in the lung tissue ir
also be compared. Like RT-PCR, which would require assagssociation with asthma (Levigt al., 1999; Shimbaraet al.,
ing each mMRNA separately, ribonuclease protection assay i2Q00). Interleukin-9 has the ability to encourage IgE produc
highly sensitive and specific method for detection and quantien in mice (Petit-Freret al., 1993) and to induce the prolif-
fication of mMRNA; however, since there is no amplification oération and differentiation of mast cells, one of the mair
the signal as with RT-PCR, there is less of an opportunity &ffector cells in IgE-mediated responses. It has also be
introduce and amplify experimental error. Therefore, in thestown to have a distinct role in globlet cell hyperplasia an
studies, combining the use of mitogen driven lymphocytesucus production (Townsenet al., 2000). Studies suggest
from chemically exposed animals with the ribonuclease prthat IL-9 is largely produced by mast cells following activation
tection assay allowed for the rapid identification of the mRNg&Voeller et al., 1990; Hultneret al., 2000). In these studies
of a panel of cytokines from single samples. IL-9 was found to be upregulated early in mice following
Many chemicals have been associated with asthma withauduction (challenge-only animals) and to remain elevated i
a complete understanding of the underlying mechanisms. Wihimals following both induction and challenge. IL-13 is a Th2
knowledge of the mechanisms involved, hazard identificati@ell cytokine that shares many of the biological effects of IL-4
and prevention methods can significantly improve. Most stuthcluding an influence on IgE production (McKenzi¢ al.,
ies related to investigations of cytokine modulation followind999). In addition, IL-13 is necessary for the induction of
chemical exposure have focused on the evaluation of the pairway hyperresponsiveness and other characteristics of alle
duction of IL-4, IL-10, and IFNy to determine the dermal gic asthma in mice (Grunigt al., 1998; Wills-Karpet al.,
sensitization potential of chemicals and to differentiate contat®98). A genetic polymorphism of the IL-13 gene found in
from respiratory sensitizers (Dearmanal., 1999). The RPA humans correlated with increased serum IL-13 levels ar
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asthma (Heinzmanat al., 2000). This suggests a central role murine cytokine response to the agent of human granulocytic ehrlichios
for IL-13 in asthma. Like IL-9. IL-13 levels were elevated 2and helps to control the degree of early rickettserritect. Immun68(4),

. . . . . L 1827-1833.
following both induction and challenge in previously sensitized _ , ) , ,
mice Bernstein, J. (1996). Overview of diisocyanate occupational astfioxcol-

. . ogy111,181-189.
Although isocyanate exposure is one of the most frequeEpt o

f . | h h Vi hani radley, L. M., Yoshimoto, K., and Swain, S. L. (1995). The cytokines IL-4,
causes of occupational asthma, the under_ymg_m_ec amsm_s a|'I—el\l-gamma, and IL-12 regulate the development of subsets of memol
not completely understood. Pharmacological, irritant, and im-effector helper T cells in vitrod. Immunol.155,1713-1724.
munological mechanisms have been proposed (Bernst&ifge, J., and Choi, Y. S. (1998). IL-10 interrupts memory B cell expansion i
1996; Deschampst al.,1998; Mappet al.,1994). In studies of  the germinal center by inducing differentiation into plasma ceflar.
isocyanate-exposed workers, isocyanate-specific antibodiek Immunol.28, 508-515.
have been detected in only an average of 15% of symptomdgrshran, W., and Cox, G. (197%xperimental Designailey, New York.
patients (Deschampet al., 1998). TDI has been shown toDearman, R. J., and Kimber, I. (1999). Cytokine fingerprinting: characteriza
induce high levels of total IgE in mice (Potter and Wederbrand,tion of chemical allergenMethods19, 56-63.
1995: Manetz and Meade. 1999: Scheerenal.. 1999 Shim- DPearman, R.J., Basketter, D. A., and Kimber, I. (1995). Differential cytokine
' ! ' ' ... production following chronic exposure of mice to chemical respiratory anc
baragt al., 2000) apd has also been §hown to have the ab'“tyEontact allergendmmunologys, 545-550.
to elicit T cell-mediated responses (Kianal.,1998; Thornest . o
| leuki h . | Dearman, R. J., Basketter, D. A., and Kimber, I. (1996). Characterization ¢
fa" 1987). Inter eL_J in-15 has been demonStrat?d to be involve hemical allergens as a function of divergent cytokine secretion profile
in pathways leading to both IgE- and cell-mediated responsesnduced in miceToxicol. Appl. Pharmacol138, 308—316.
Interleukin-15 promotes T cell proliferation, is involved inpearman, R. J., Smith, S., Basketter, D. A., and Kimber, 1. (1997). Classif
natural killer cell development and cytolytic activity, and can cation of chemical allergens according to cytokine secretion profiles o
induce mast cell growth, therefore promoting IgE-mediatedmurine lymph node cellsl. Appl. Toxicol.17, 53-62.
responses (Tagaw al.,1996). In these studies, IL-15 mRNA Deschamps, F., Prevost, A., Lavaud, F., and Kochman, S. (1998). Mechanis
was elevated following induction with TDI. In animals both ©f occupational asthma induced by isocyanatsn. Occup. Hyg42,
. . 33-36.
induced and subsequently challenged with TDI, levels of IL-15"" ~ _ _
expression were not significantly elevated above those in thada D Negiu, S., Koreck, A., Zosin, 1., and Cristea, C. (2000). Ths
P . . g y . %attern of a T(H)1 cytokine in autoimmune thyroiditlmamunol. Lett.71,
control. Elevations in IFNy, a Th1l cytokine, have also been 73 _77.
demonstrated fo'llowmg Fjermal TDI e.xposure (Vanderwﬂe' Fernandez-Botran, R., Sanders, V. M., Mosmann, T. R., and Vitetta, E. !
al., 2000). Consistent with these findings, IFNlevels were  (1988). Lymphokine-mediated regulation of the proliferative response o
elevated approximately sevenfold in animals either induced oklones of T helper 1 and T helper 2 cells.Exp. Med.168,543-558.
induced and challenged with TDI. Finkelman, F. D., Katona, I. M., Mosmann, T. R., and Coffman, R. L. (1988a)
Dermal exposure to TDI, a potent respiratory Sensitizer,!FN-gamma regulates the isotypes of Ig secreted during in vivo humore
induced a distinct cytokine mRNA profile in the lymph nodes 'MMune responses. immunol.140,1022-1027.
draining the exposure site. As is consistent with previo(dke'man. F. D., Katona, I. M., Urban, J. F., Holmes, J., Ohara, J., Tun
di IL-4 and IL-10. cvtokines known to support IQE- A. S., Sample, J. V., and Paul, W. E. (1988b). IL-4 is required to generat
stu ',es' a » CY . pp 9E- and sustain in vivo IgE responsek.Immunol.141,2335-2341.
med_',ated reSponses_' were elevated following TPI eXposure'lilinkelman, F. D., Katona, I. M., Urban, J. F., Snapper, C. M., Ohara, J., an
addition, these studies demonstrate the elevation of IL-9, IL-payl, w. E. (1986). Suppression of in vivo polyclonal IgE responses b
13, and IL-15. Though preliminary, these studies offer insightmonoclonal antibody to the lymphokine B-cell stimulatory factoiPtoc.
into the mechanisms of respiratory hypersensitivity responsedlatl. Acad. Sci. US&3, 9675-9678.
induced by dermal allergen exposure and may offer additiorfa@ng, T. A, and Mosmann, T. R. (1989). The role of IFN-gamma in delayed
endpoints for methods that screen chemicals for their ability toYPe hypersensitivity mediated by Th1 clondsimmunol 143,2887-2893.

induce pulmonary hypersensitivity responses. Gajewski, T. F., and Fitch, F. W. (1988). Anti-proliferative effect of IFN-
gamma in immune regulation. I. IFN-gamma inhibits the proliferation of

Th2 but not Thl murine helper T lymphocyte clonds.Immunol.140,
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