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Abstract

Diesel exhaust particles (DEP) have been implicated in the
increased incidence of allergic airway disorders. Weinvesti-
gated the effects of DEPon localized immunoglobulin pro-
duction by performing nasal challenges with varying doses
of DEPand analyzing the local immune response in nasal
lavages obtained before and after. A significant rise in nasal
IgE but not IgG, IgA, IgM, or albumin was observed in
subjects 4 d after challenge with 0.30 mg DEP, equivalent
to exposure on an average Los Angeles day. Direct evidence
for DEP-enhanced local production of IgE was that chal-
lenge increased the number of IgE-secreting cells in lavage
fluid from < 1 in 2,000,000 to > 1 in 100,000 but did not
alter the number of IgA-secreting cells. There was a concom-
itant increase in epsilon mRNAproduction in the lavage
cells. Additionally, DEPaltered the relative amounts of five
different epsilon mRNAsgenerated by alternative splicing,
mRNAsthat code for different IgE proteins. These results
show that DEP exposure in vivo causes both quantitative
and qualitative changes in local IgE production. The impli-
cation is that natural exposure to DEP may result in in-
creased expression of respiratory allergic disease. (J. Clin.
Invest. 1994. 94:1417-1425.) Key words: IgE, human * pol-
lution - allergic antibody response * mucosal immunity
allergy

Introduction

Many epidemiological studies have suggested a link between
air quality, the increase of atmospheric pollutants, and the in-
crease in the incidence and morbidity of allergic airway disease
(1-5). The hallmark of these diseases is an increase in the
production of IgE. An example is the increase in allergic airway
disease among the Japanese which has coincided with the indus-
trialization of Japan since the 1940s. From a rare disease before
1950, allergic airway disease has evolved into a significant
cause of mortality. In this time there has been a 500-fold in-
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crease in the number of diesel cars and a > 1,000-fold increase
in the amount of polyaromatic hydrocarbons (PAH)' in diesel
exhaust particles (DEP) (5). Many of these PAHare also pres-
ent in tobacco smoke (6), which is also associated with in-
creased IgE levels. A great deal of attention has been directed
to the potential immunosuppressive and carcinogenic properties
of such PAH. In this study, we have addressed directly in vivo
effects of DEPon humans as related to allergic responses.

Miyamoto and colleagues (7-9) performed both in vivo
and in vitro studies with mice and demonstrated a direct effect
of DEPon IgE antibody production. Simultaneous administra-
tion of DEP increased IgE production to bystander antigens
such as ovalbumin and Japanese cedar pollen when injected
intraperitoneally (7, 9). In addition, intranasal administration
of DEPcaused an increase in the IgE but not the IgG response
(8, 9). Previous reports have demonstrated that some PAHcan
have direct effects on lymphocytes, both T cells (10) and on
B cells (11). Our laboratory has shown previously that PAH
extracted from DEP could directly affect human B cells and
enhance IgE production in vitro by modifying ongoing tran-
scriptional programs (1 la). In addition, PAHfrom DEPdramat-
ically altered the pattern of mRNAscoding for distinct isoforms
of the epsilon chain by upregulating production of some iso-
forms to a much greater extent than others ( lIa). Here, we
extend these studies to examine the effects of DEP in vivo in
humans. In this study, we demonstrate for the first time that
DEP can specifically enhance in vivo IgE production at the
human upper respiratory mucosa. This increase is due to a local
increase in the number of IgE-secreting cells. Furthermore, we
show that we can detect different isoforms of epsilon mRNA
in cells obtained directly from nasal washes and that the epsilon
mRNAisoform pattern observed is altered after provocation
with DEP.

Methods

Subjects. 11 healthy, nonsmoking volunteers (6 males and 5 females)
with ages ranging from 23 to 48 yr old were recruited for this study.
Seven had no history of asthma, allergic rhinitis, or any allergic or
respiratory illness, while four had a history of mild seasonal allergies
but were asymptomatic and had not taken any medication 3 d before
or at any time during the duration of the study. All atopics were outside
their allergic season. None of the volunteers had previously had any
known extensive exposure to pollutants.

Nasal washes and DEPprovocation. The subjects sat and closed
their nasopharynx while tilting their necks back 450 from the horizontal.
Into each nostril 5 ml of normal saline that had been prewarmed to
37°C was delivered by a pipette. After 10 s, during which the subjects
shook their heads softly from side to side, they brought their heads

1. Abbreviations used in this paper: DEP, diesel exhaust particles; PAH,
polyaromatic hydrocarbons.
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forward, expelling the wash fluid into a plastic receptacle, and the fluid
was then transferred to a separate tube. The initial wash was discarded
since we observed that this first wash had elevated levels of albumin
compared with subsequent washes. The subjects then performed four
subsequent nasal washes at 10-min intervals, with each wash collected
into a separate tube. The tubes were centrifuged at 350 g for 10 min at
40C. The aqueous supernatants were then removed and stored at -70'C
until needed. When cells were needed for filter spot-ELISA or for RNA
extraction, the number of nasal washes was increased to eight. The
number of cells recovered remained reasonably constant for each wash,
but the percentage of epithelial cells decreased with repeated washing,
resulting in an increase in mononuclear cell numbers. 10 min after the
last wash, either 1, 0.3, 0.15, or 0 mg of DEPsuspended in 200 01d of
saline was sprayed into each nostril. All subjects were exposed to all
four doses of DEP. Each challenge was single-blinded, and there was
a duration of at least 18 d between exposures. In each case on each
day, the first wash was discarded.

DEPwere obtained by collecting the exhaust from a light duty diesel
passenger car onto a cyclone impactor equipped with a dilution tunnel
constant volume sampler system as described and were the kind gift of
Dr. Shigeru Takafuji (Department of Medicine and Physical Therapy,
Faculty of Medicine, University of Tokyo, Tokyo, Japan). These parti-
cles were collected, processed, and preserved as described previously
(7). Nasal washes on the subjects were performed 4, 7, and 10 d after
the nasal provocation at day 0. Each set of washes was performed at
the same time of day to avoid any diurnal variation. All studies had
been approved by the Human Protection of Subjects Committee of the
University of California at Los Angeles.

Immunoglobulin and albumin determination. The levels of the Ig
isotypes (IgE, IgG, IgG4, IgG3, IgA, and IgM) in the supernatants of
cultured cells were measured by isotype-specific ELISAs as described
previously with minor modifications (12, 13). For the determination of
albumin levels, an identical ELISA procedure was used. The antibodies
used for this assay were anti-human albumin mAb (Sigma Chemical
Co., St. Louis, MO) at 7.5 pg/ml to coat the microtiter plates (Nunc,
Roskilde, Denmark) and alkaline phosphatase-labeled antialbumin
(The Binding Site, Birmingham, United Kingdom) at 1:3000 for detec-
tion. All samples were run in duplicate and repeated if there was more
than a 5% variation between the duplicates.

Quantitation of IgE- and IgA-secreting cells. To detect and enumer-
ate IgE- and IgA-secreting B cells, a previously described ( 14, 15) filter
spot-ELISA was used with minor modifications. Briefly, nitrocellulose-
bottomed 96-well Milliliter HA plates (Millipore Corp., Bedford, MA)
were coated overnight at 40C with either 2 qg/ml of anti-human IgE
mAbCIA-E-7.12 and CIA-E-4.15 (12) or affinity-purified rabbit anti-
human IgA (Tago, Inc., Burlingame, CA). The plates were then washed
in PBS/0.05% Tween 20 and blocked for 1 h with 0.1% gelatin. The
plates were washed, and known numbers of unfractionated cells recov-
ered from the nasal washes were added into each well in 0.1 ml of RPMI
with 10% FCS. The sensitivity of the IgE spot assay was determined by
using serial dilutions of IgE-producing cells 2C4/F3 (16), direct counts
of these cells were compared with the number of spots detected and
used to construct a standard curve. The assay was shown to be specific
because no plaques could be detected when using myeloma cells produc-
ing other immunoglobulin isotypes. Similarly, IgA-producing myeloma
cells (GM1056) (17) were used to construct a standard curve for the
IgA filter spot assay. Incubation was overnight at 37°C in a humidified
CO2 incubator. After extensive washing, 100 pl/well of alkaline phos-
phate-labeled antibodies reactive with the Fc portion of the correspond-
ing Ig was added and incubated for 2 h at room temperature (IgE:
1:3,000 [Kirkegaard and Perry Laboratories, Inc., Gaithersburg, MD];
IgA: 1:3000 [Tago, Inc.]). The plates were incubated at 37°C for 2 h
and washed six times before development with BCIP/NBT substrate
solution. The plates were dried, the blue spots were enumerated, and
the number of Ig-secreting cells was calculated by reading off the appro-
priate standard curve. Similar to previous reports, positive reactions
were recognized as circular granulated foci with diameters > 0.05 mm

(14). Samples were run in quintuplicate and serially diluted.
Reverse transcription-polymerase chain reaction. Alternate splicing

of the single human functional epsilon heavy chain gene results in
at least five different mRNAisoforms (18). We developed modified
polymerase chain reaction techniques to compare and quantitate the
amounts of the different isoforms of epsilon mRNAproduced. Total
cellular RNAfrom the cells recovered from nasal washes (1-5 x 106
cells/sample) was isolated and then reverse transcribed using Moloney
murine leukemia virus reverse transcriptase (Bethesda Research Labora-
tories, Gaithersburg, MD) as described previously (19).

To lower nonspecific background bands, all reactions were per-
formed in laminar flow hoods with pipettes dedicated for PCRuse. The
PCRstrategies were based on that reported by Go et al. (20). Each one
of the downstream primers used in each PCRreaction was kinased with
[y32P] ATP. As 1 ,ug of the oligonucleotide was labeled and brought
up to 100 MI before the G-25 spin, it was assumed that the labeled
oligonucleotide concentration was 10 ng/pl. The reaction mixtures and
cycle times were chosen after extensive titration of each reagent and
time to ensure equal amplification of all products.

Two different PCR reactions were performed. The position in the
epsilon gene of each set of primer used is shown in the top of Fig. 1.
The first PCR, termed PCRl', was used to amplify the three epsilon
mRNAisoforms CH4-MI '-M2, CH4-M2', and CH4-M2" (18) and the
housekeeping gene /3-actin. It used a supermix reaction mixture that
contained per sample: 1 U Perfect Match (Stratagene, La Jolla, CA)
10% DMSO,50 mMKCl, 20 mMTris-HCl (pH 8.4), 2.1 mMMgCl2,
0.1% (wt/vol) gelatin, 0.2 mMdNTP, 2.0 U Taq polymerase (Promega
Corp., Madison, WI), 30 pmol of the upstream oligonucleotide primer
for epsilon isoforms, 25 pmol upstream primers for /1-actin, and 30 pmol
(2 x 106 cpm) of each of the downstream primers which previously
had been 32P-end-labeled. Aliquots were then amplified by PCRon a
preheated (94°C) thermal cycler (Perkin-Elmer Corp., Norwalk, CT)
for 25 cycles. Each cycle consisted of denaturation at 94°C for 1 min,
followed by 1 min at 67°C, and then 1 min 30 s at 72°C. The primers
used for PCRl' were (Fig. 1): A, 5'-GGCCATCGATAGGCAGCG-
AGCCCCTTCACAGACCG-3'and B, 5 '-GGCCGTCGACGACGG-
GGATGCCAGGCAGTTGGATC-3'to amplify the epsilon isoforms
CH4-M1 '-M2, CH4-M2', and CH4-M2" (18); and 5 '-GTGGGGCGC-
CCCAGGCACCA-3'and 5'-CTCCTTAATGTCACGCACGATTTC-
3' to amplify /6-actin (21).

The second PCR, termed PCR2', was used to amplify two other
epsilon mRNAisoforms, CH4-S (the classic secreted isoform) and the
alternative spliced CH4'-CH5 forms. The reaction mixture used was
identical as for PCR1' except that the MgCl2 concentration was in-
creased to 2.4 mM. The reaction was carried out with denaturation at
94°C for 1 min, followed by 1 min, followed by 1 min 30 s at 65°C,
and then 1 min 30 s at 72°C. The primers used for PCR2' were: C, 5'-
TCATGCGGTCCACGACCAAGA-3'and D, 5 '-GTCATTGCAACA-
GTGGACAG-3' to amplify the epsilon isoforms (18); and 5'-CGC-
GACAAGATGACCCAGATC-3'and 5 '-ATCACGATGCCAGTG-
GTACGG-3' to amplify f3-actin (22). A different primer pair was used
for /3-actin for this reaction as the ones used in PCRI' resulted in an
amplified fragment that could not be resolved from the other fragments.

For quantitation, aliquots of 20 ,ul of each PCR product were run
on an 8% nondenaturing polyacrylamide gel at 100 V for 5 h, dried on
a gel drier (model 543; Bio-Rad Laboratories, Hercules, CA) for 45
min at 65°C and then exposed to Kodak XAR-5 film for 8-12 h. In
place of a densitometer, the autoradiograph was scanned on an Apple
One 24-bit scanner at 300 dots per inch and converted into a TIFF
uncompressed format, and the resultant pattern was analyzed using the
Scan Analysis program from Biosoft (Cambridge, United Kingdom)
which delineates peaks and integrates the area under each peak.

Validation of the PCR strategies and quantitation. Plasmids were
constructed using the Bluescript (Stratagene) vector as described pre-
viously (19). Each contained cDNAfor one of the epsilon isoforms or
the 63-actin. PCR titration of individual plasmids showed that for each
this PCR strategy was sensitive to 102 copies of template. Plasmids
containing cDNA for CH4-Ml '-M2, CH4-M2', CH4-M2", and 0-actin
were then added together in 10-fold serial dilutions and subjected to

PCR1'. There was a log-linear correlation between the number of start-

ing copies of the plasmid and the PCRyield as quantified by densitome-
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Figure 1. Diagram of epsilon mRNAisoforms and proteins generated by alternative 3' splicing. The upper part of this figure shows a schematic
representation of the 3' end of the human epsilon gene with alternative exon sequences shown as boxes (18). The positions of the primer pairs
used for PCRl ' (A and B) and PCR2' (C and D) to measure the amounts of the various epsilon mRNAsare shown. In the lower part of the figure,
the 3' ends of the five epsilon mRNAspecies analyzed in our two PCRamplifications are shown. The bold horizontal bars represent translated
exon sequence. The asterisks represent the positions of stop codons, and the thinner horizontal lines represent 3' untranslated sequence. On the
right hand side, the resulting epsilon protein is shown, and its size in amino acids relative to the size of classic secreted epsilon protein is given.

try for each cDNA. Importantly, a log-linear correlation was still ob-
served for each cDNA, and a reduction of the intensity of the amplified
products was not observed. The individual rates of amplification were

determined by the slope of the line, an increase in the starting concentra-
tion of cDNAof one isoform did not alter the amplification rates of the
other isoforms. The PCRproduct increased according to its amplification
rate and the number of starting plasmid, even when this was 1010 copies.
Whenplasmids containing cDNAfor CH4-S and CH4'-CH5 and ,5-actin
were added and subjected to PCR2', similar findings were observed. In
both PCR procedures, the amplification rates for each isoform were

similar but not identical, therefore, for each isoform a correction factor
was calculated to standardize the rates. The individual isoform amplifi-
cation rates were thus normalized to that of /l-actin mRNA. Reproduc-
ible amplification rates were obtained for each isoform, after PCR. /3-

Actin is a housekeeping gene constitutively expressed by cells and is a

direct measure of the amount of cells from which RNAwas extracted.
Therefore, as all samples were amplified with primers for /3-actin, all
densitometry values for epsilon isoforms were normalized to /3-actin
expression. All samples were run in duplicate and repeated if there was

more than a 5% variation between the duplicates.
To confirm that the amplification rates were identical in both plas-

mids and cells, the increasing concentrations of cDNA from an IgE-
secreting myeloma cell line AF-10 (17) were subjected to PCR1' (Fig.
2 A) and PCR2' (Fig. 2 B). After the densitometry analysis, the inten-
sity of each band was multiplied by the correction factor relating to its
amplification rate. In both PCR strategies, the ratio between different
isoforms remained constant regardless of the starting concentration of
cDNA used. This demonstrated that after correcting for amplification
rates no isoform was amplified preferentially.

Results

DEP enhances nasal IgE levels. The IgE levels in the nasal
washes of 11 subjects taken 4 d after nasal challenge with DEP

are shown in Fig. 3. IgE levels obtained after a total of 0.15
mgDEPchallenge were not statistically significant (P > 0.05,
paired t test) when compared with the same subjects challenged
with saline alone. However, when the subjects were challenged
with a total of 0.3 mg of DEP (0.15 mg/nostril), IgE levels
were significantly higher compared with challenge with saline
alone (P < 0.01, paired t test). The ability to enhance IgE
responses was not seen with 1 mg of DEP. Indeed, when sub-
jects were challenged with 1 mg of DEP, it had an inhibitory
effect as IgE levels were significantly lower (P < 0.01, paired
t test) than after saline challenge.

Challenge with 0.3 mg DEP induced an increase of IgE
production at day 4 in all 11 subjects tested (range 1.4- to 10.2-
fold increase over prechallenge levels with a mean increase of
5.62±2.9-fold for all 11 subjects). No IgE enhancement was

observed after saline challenge. Fig. 4 A shows the data from
four representative patients whose levels of IgE enhancement
were intermediate. This increase in IgE (normalized for the
levels of albumin) after challenge with 0.3 mg of DEP was

observed consistently at day 4 but was not present in lavage
fluids at day 1 (data not shown). The nasal lavage IgE levels
had returned to baseline by day 7 and remained there at day 10
(Fig. 4 A). To ensure that there was no carry over effect be-
tween challenges, there was a period of at least 18 d between
challenges. The baseline levels of nasal lavage IgE (normalized
for the levels of albumin) were monitored and seen to be similar
before each challenge.

Weextended our findings to determine if DEP enhanced
IgE specifically or whether it affected the levels of multiple
isotypes. Wemeasured total IgA, IgE, IgG, and IgM levels in
the same nasal washes of the same 11 subjects immediately
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before and 4, 7, and 10 d after challenge with a total of 0.3 mg
DEP. IgG4 levels were also measured, as expression of this
subclass has often been linked with IgE production (23, 24).
As serum levels of IgG3 are similar to that of IgG4 and IgG3
does not seem to be involved in the allergic response, the levels
of this subclass in the nasal washes were also monitored. Albu-
min levels in the nasal lavage fluids were determined as it serves

as a control for increased protein leakage.
The same four representative subjects are shown in regard

to the various Ig isotypes in Fig. 4, A-G. These subjects had
intermediate IgE responses to DEP, and similar results were

obtained for all 11 subjects studied. There was no significant
elevation of albumin levels (Fig. 4 B) over baseline values
(mean 13,590±1,987 ng/ml, n = 11) after DEPchallenge either
at day 4 (mean 16,180±2,511 ng/ml) or any time (P > 0.05,
paired t test, n = 11 for all times). Similarly, after challenge
with DEP, no consistent change over baseline values was ob-
served in levels of total IgG (Fig. 4 C), IgA (Fig. 4 D), or

1 06

Figure 2. Verification of PCRstrategy for
the quantitation of the epsilon mRNAprod-
ucts generated. Increasing concentrations of
cDNA from an IgE-secreting myeloma cell
line AF-O0 were subjected to PCRl ' (A) and
PCR2' (B). The amount of each isoform was

quantitated for each concentration as ex-

plained in Methods. Linear regression was

used to determine that there is a log-linear
correlation between the starting concentra-
tion of the cDNAand the PCRyield and that
the PCRstrategies do not preferentially am-

plify any isoform.

IgM (Fig. 4 E) (P > 0.05, paired t test, n = 11 for each isotype
for each time). Interestingly, a rise in IgG4 levels was observed
(Fig. 4 F) in patients compared with their baseline levels. How-
ever, in contrast to nasal IgE levels that reached a maximum 4
d after challenge, in 8 out of the 11 subjects the increase in
IgG4 levels was most pronounced after 7 d (mean 48.8+18.1
ng/ml, n = 11) at which time IgG4 levels were significantly
higher (P < 0.01, paired t test, n = 11 ) than prechallenge levels
(mean 8.73+11.5 ng/ml, n = 11). The mean increase in IgG4
for the entire group of 1 1 subjects after 7 d was 23.2+3.4-fold.
By day 10, IgG4 levels were no longer statistically enhanced
(P > 0.05, paired t test, n = 11). In contrast, IgG3 levels (Fig.
4 G) did not increase at any time after DEP challenge (P
> 0.05, paired t test, n = 11).

No increase in any Ig isotype including IgG4 was observed
after challenge with 0.1 or 1 mg DEP (data not shown). No
significant change in the serum levels of IgE was detected in
any patient at any time after DEPor saline challenge (data not
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Figure 3. DEP induction of an IgE in the nose. 11 subjects were chal-
lenged in the nose with saline or a total of 0.15, 0.3, and 1 mg of DEP.
Each point represents the mean IgE level of four washes from each
subject performed 4 d after challenge. IgE levels were determined by
ELISA.

shown). There was no difference between the normal subjects
and the asymptomatic atopic subjects in either resting IgE levels
or in the response to DEP for any isotype.

DEPinduces an increase in IgE- but not IgA-secreting cells.
Cells recovered from nasal washes were used in a filter spot-
ELISA (see Methods) to determine the number of Ig-secreting
cells present before and after challenge with 0.3 mgDEPcom-
pared with saline controls. After DEPchallenge, the number of
cells producing IgE detected in nasal washes increased to levels
of > 1 in 100,000 of the total cells recovered (Table I) com-
pared with < 1 in 2,000,000 of cells in lavages performed be-
fore challenge or after saline challenge. To assess whether this
increase was due to non-isotype-specific effect such as infiltra-
tion of cells into the challenged and lavaged mucosa, the number
of IgA-secreting cells was determined in lavage fluids before
and after DEP challenge using a similar filter spot-ELISA.
Again, the number of spots detected was compared with a stan-
dard curve constructed using an appropriate IgA-secreting my-
eloma cell line. No change was observed in IgA-secreting cell
density before or after challenge with either saline or DEP
(Table II).

Epsilon mRNAisofonn ratios are altered by DEP. In addi-
tion to the quantitative changes in IgE production noted above,
we also assessed the ability of DEPto locally alter the qualita-
tive IgE response by measuring the levels of five epsilon
mRNAsgenerated by alternative splicing. Four of these epsilon
mRNAsencode secreted IgE proteins that may well have dif-
fering biologic activities while the fifth epsilon mRNAcodes
for the large dominant epsilon membrane form of IgE ( 18, 19).
The baseline percentages for the isoforms were: CH4-M1 '-M2,
2.4%; CH4-M2', 5.2%; CH4-M2", 16.8%; CH4-S, 67.5%;
CH4'-CH5, 8.0%.

As shown in Fig. 5, all five isoforms of epsilon mRNA
could be detected in cells recovered from washes performed
before and 4 d after challenge with 0.3 mg DEP. However, a
change in the production of these epsilon mRNAisoforms was
evident, not only was there an increase in the amount of mRNA
present, the relative ratios between the different epsilon mRNAs
were altered.

The total amount of epsilon mRNAobtained after DEP

challenge increased nearly 28-fold compared with prechallenge
levels (Fig. 6). However, in cells from the eight subjects stud-
ied, only four of the five isoforms (CH4-M1 '-M2, CH4-M2',
CH4-M2", and CH4-S) increased by this relatively large
amount (22-33-fold). The other isoform, the CH4'-CH5 splice
variant that uses a unique splice acceptor and donor site and
codes for a secreted isoform, increased considerably less (mean
3.4+1.8-fold, n = 8). Accordingly, the overall pattern of epsi-
lon mRNAschanged with the ratio of CH4-S to CH4'-CH5,
for example, increasing from a ratio of 8.4:1 to a ratio of 80.9:1
(Fig. 6). There was no increase in the production of any isoform
after challenge with saline (data not shown).

Discussion

In this report, we provide direct evidence that DEPcan act in
vivo to potentiate IgE production at the human respiratory mu-
cosal surface. Weshow this quantitative increase in IgE occurs
by expansion of the local population of IgE-secreting cells and
is accompanied by a qualitative change in the pattern of epsilon
mRNAisoforms produced. For our study, we simulated expo-
sure by challenging volunteers with low doses of DEPdelivered
to a localized area. Challenge with a dose of DEP (0.3 mg),
approximately equivalent to breathing the outdoor air in Los
Angeles for a 24-h period on an average day, caused a 1.4- to
10.2-fold increase in the amount of IgE found in nasal washes.
This data shows that even relatively low level exposure to DEP
may result in increased expression of IgE and thereby increase
the likelihood of respiratory allergic disease.

Epidemiological studies have correlated the incidence of
allergic airway disease with air quality over time or have com-
pared it in diverse areas with different levels of pollution (1-
4, 25, 26). These studies have provided indirect evidence of
an increased incidence of asthma and atopy linked to airborne
pollution. An important contributor to such airborne pollution
is diesel exhaust emissions (27-30). Even certain nonoccupa-
tional settings such as passing a bus may result in acute exposure
nearly 100 times higher than the recommended peak concentra-
tions of PAH-DEP. In our study, for practical reasons we used
a single bolus of DEP. However differences between sudden
single exposure such as we used versus chronic low dose expo-
sure will need to be elucidated.

Several animal studies have linked DEPand other environ-
mental pollutants (as opposed to allergens) to atopy and bron-
chial hyperreactivity. Guinea pigs exposed to sulfur dioxide
can develop allergic respiratory disorders (31) and increased
antibody responses to allergens (32). Intranasal exposure of
mice to DEP increases IgE antibody but not the IgG response
to ovalbumin (8, 9). Similarly, rats and human exposed to
tobacco smoke, which contains PAH such as benzo(a)pyrene
also found in DEP, have increased serum IgE (33).

Here, we show that in DEP-challenged subjects there was
an increase in the number of IgE-secreting cells from < 1 in
2,000,000 before challenge to > 1 in 100,000 4 d after chal-
lenge. There was no corresponding increase in IgA-secreting
cells, suggesting that DEP's activity by nasal inhalation may
well show some selectivity for cells committed to IgE. This
selectivity may also extend to IgG4 since DEP challenge did
cause an increase in IgG4 protein production. IgG4 is associated
with IgE production in a number of experimental systems (23,
24). The failure to see an increase in IgA (or IgM, total IgG,
or IgG3) in nasal lavages after DEPchallenge supports the view
that DEPmay act in an isotype-specific manner. However, the
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Ao Figure 4. The effect of DEPon immunoglobulin levels and albumin in
nasal washes over time. Subjects were challenged intranasally with either

<~ 0.3 mg of DEPin 200 pl of saline or 200 1l of saline alone. The mean

levels of (A) IgE, (B) albumin, (C) IgG, (D) IgA, (E) IgM, (F) IgG4,
and (G) IgG3 in four nasal washes performed immediately before chal-
lenge or 4, 7, and 10 d after challenge were measured by ELISA. The

-_ results of 4 representative subjects out of 1 1 from Fig. 3 are shown. The
Day 10 four patients shown had intermediate values for IgE enhancement com-

pared with the group. All 1 subjects had increased IgE but not IgG,
nged IgG3, IgA, or IgM levels 4 d after exposure to DEP.
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Table I. DEPEnhances the Production of IgE-secreting Cells

Number of IgE-producing cells per 106 nasal lavage cells*

Subject Pre-saline Post-saline Pre-DEP Post-DEP

1 0.64±0.13 0.31±0.20 0.16±0.08 11.6±2.3
2 0 0 0 5.8±1.2
3 0 0 0.31±0.11 23.4±4.6
4 N.D. N.D. 0 5.0±0.8
5 0 0.31±0.14 N.D. N.D.
6 0.31±0.24 0.64±0.24 N.D. N.D.
7 0.16±0.11 0.16±0.12 N.D. N.D.
8 N.D. N.D. 0 6.4±1.4
9 N.D. N.D. 0.31±0.31 15.8±2.1

10 0.16±0.11 0 N.D. N.D.
11 N.D. N.D. 0.16±0.16 14.6±1.8

* Total cells recovered from nasal lavages before or 4 d after challenge
with 0.3 mg DEPor saline assayed for IgE cells by filter spot assay.
The spots were counted, and the number of IgE-secreting cells present
in the population was calculated by comparison with a standard curve
(see Methods). All results shown are the mean±1 SD of IgE-secreting
cells/106 cells for five replicate wells. N.D., not determined.

possibility that an increase in local production of Ig can only
be detected against a low background such as IgE and IgG4
cannot be discounted. However, the fact that IgG3 levels, which
are similar to IgG4 in the serum, did not increase after DEP
challenge suggests this effect shows some specificity.

Whether these results are mediated via an effect of DEPon
the induction of cytokines (e.g., LL-4 or gammainterferon) is
presently under investigation. It is known that DEP can have
direct effects both on T cells (10) as well as on B cells ( la,
34). Our findings were not the result of tissue injury leading
to nonspecific vascular leakage as there was no elevation of
albumin levels after DEPchallenge nor an increase on Ig iso-

Table II. DEPDoes Not Enhance the Production of IgA-secreting
Cells

Number of IgA-producing cells per 106 nasal lavage cells*

Subject Pre-saline Post-saline Pre-DEP Post-DEP

1 0 0 0.38±0.38 0.76±0.38
2 0.76±0.21 1.14±0.82 1.14±0.88 1.52±0.83
3 0.76±0.19 0.38±0.24 1.52±0.68 0.76±0.48
4 N.D. N.D. 0 0
5 0.38±0.28 0 N.D. N.D.
6 1.14±0.81 0.76±0.42 N.D. N.D.
7 1.52±0.43 1.14±0.66 N.D. N.D.
8 N.D. N.D. 0.76±0.41 1.14±0.76
9 N.D. N.D. 1.52±0.83 1.80±1.2

10 1.80±0.86 1.14±0.78 N.D. N.D.
11 N.D. N.D. 0.76±0.64 0.38±0.23

* Total cells recovered from nasal lavages before or 4 d after challenge
with 0.3 mg DEPor saline assayed for IgA cells by filter spot assay.
The spots were counted, and the number of IgA-secreting cells present
in the population was calculated by comparison with a standard curve
(see Methods). All results shown are the mean± 1 SD of IgA-secreting
cells/106 cells for five replicate wells. N.D., not determined.
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Figure 5. Autoradiographs of reverse transcriptase PCRproducts show-
ing epsilon mRNAisoforms derived from RNAof cells recovered from
nasal washes performed before and 4 d after challenge with 0.3 mg of
DEP. In A, the bands derived from PCR1 ' are shown. These represent
the three epsilon mRNAisoforms CH4-M1 '-M2, CH4-M2', and CH4-
M2" and fl-actin as labeled. In B, the bands derived from PCR2' are
shown. These represent the two epsilon mRNAisoforms CH4-S and
CH4'-CH5 and f,-actin as labeled. The size of the bands is shown on
the right hand side. A substantial increase is apparent in all epsilon
mRNAsexcept CH4'-CH5. The results are from 1 representative sub-
ject, however, all 11 subjects responded in a similar way.

types other than IgE when adjusted for albumin levels. Further-
more, although the same number of cells (as determined by
mRNAfor the housekeeping gene 3-actin) was used in our
PCRassays, the amount of epsilon mRNAin cells from DEP-
exposed subjects markedly increased. Wehave established pre-
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Figure 6. DEPalters the relative levels (pat-
tern) of the epsilon mRNAisoforms. This
figure shows the relative enhancement (as
fold increase) for each of the epsilon mRNAs
noted as induced by DEPchallenge (0.3
mg). The amount of mRNAdetected for
each epsilon isoform from cells recovered in
nasal washes performed before and 4 d after
challenge with DEPwas measured and stan-
dardized relative to the amount of P-actin
present. The results shown are the mean and
standard deviation of eight subjects. The total

CH4-SIH4'CH5 epsilon mRNAlevels went up nearly 30-fold
CH44S CH4'CH5 as did mRNAfor all of the splice variants

except the CH4'-CH5 form.

viously that the aromatic hydrocarbons derived from DEP do
not induce germ line epsilon transcription nor does class switch-
ing (1 la), it is unlikely that DEP acts by inducing B cells
specifically into the IgE pathway. It is possible that DEP acts
by expanding a preexisting population of IgE-committed mem-

ory B cells. However, we have now shown that DEPcan also
exert effects on T cells (and likely other cell types) in vivo
(our personal observations). The B cell effects of DEP we

observed may be partially due to such indirect effects.
Nasal provocation followed by nasal washes provided a

method to study the effect of DEPand distinguish local from
systemic effects. Since the nose is the first part of the respiratory
tract to encounter airborne pollutants, we used the approach of
others by using nasal lavage to assess the effects of inhaled
pollutants (35). This method has the advantage over others
such as bronchoalveolar lavage of being technically simpler,
less traumatic, and allowing multiple samples to be obtained
from one person. In addition, it provided us a model for the
action of DEPon mucosal surfaces. The mucosal immune re-

sponse is important because the IgE-producing cells are prefer-
entially located in the lymphoid tissues that line the airways or

gastrointestinal tract.
The change induced by in vivo DEPinhalation in the relative

levels of the distinct epsilon mRNAsdemonstrates a qualitative
effect as well as a quantitative effect of IgE production. Alter-
nate 3' splicing results in the generation of multiple epsilon
mRNAcoding for distinct IgE isoforms from the single active
epsilon gene in all human IgE-producing cells examined to date
( 18, 36, 37). Features of the mRNAsand their protein products
have been discussed elsewhere (18). Using quantitative PCR
techniques, five of the main isoforms of epsilon mRNAwere

detected in fresh cells obtained from nasal washes. This is the
first report of the detection of such epsilon mRNAisoforms in
fresh normal nonmyeloma noncultured B cells as well as the
first demonstration that the epsilon mRNAisoform pattern is
not fixed in vivo.

The most abundant isoforms before DEPchallenge were the
classic secreted (CH4-S) and a novel secreted epsilon form
designated CH4-M2" resulting from the splicing of CH4 to a

distant 3' splice acceptor site. After DEPchallenge, there was

a change in the overall pattern of epsilon isoform mRNAsob-
served. The CH4-S:CH4'-CH5 was 8.4:1 before challenge, 4 d
later it had increased to 80.9:1. The CH4'-CH5 mRNAuses a

novel splice donor site in the middle of CH4 that is spliced to
107-bp cryptic CH5exon immediately downstream of CH4. As
such, CH4'-CH5 is the only isoform that uses the novel 5'
donor site and the CH5 acceptor site rather than the CH4donor
site with alternative acceptor sites. Whether DEPpreferentially
rejects the CH4' donor or CH5 acceptor sites or selects for the
CH4 donor site is currently being investigated. In vitro, DEP
and IL-10 have a similar effect while other stimuli can alter
the splice pattern differently (our personal observation). This
suggests that either the DEPeffect is via cytokines or that DEP
and these other stimuli use the same mechanism at the B cell
level. Ongoing studies have shown that different disease states
(such as common variable or hyper IgE immunodeficiency B
cells) have different epsilon splice patterns. Therefore, this
change in isoform pattern may have a potential biological role.

It is likely that the IgE-related changes we observed ulti-
mately result from complex interplay involving the effects of
DEP and their chemical constituents on B cells, T cells, and
their cytokines, as well as other cells such as monocytes/macro-
phages and even epithelial cells. For example, we have observed
similar changes on both IgE levels and epsilon isoform patterns
by IL-10 (our personal observation). Our results suggest that
DEPcan enhance human B cell differentiation and that exposure
to DEPor their constituents may augment human allergic dis-
ease responses by enhancing the production of IgE antibodies.
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