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Diesel exhaust particles (DEP) enhance allergic in-
flammation by increasing in vivo IgE and cytokine
production in the human upper respiratory mucosa.
CC chemokines have been shown to play an important
role in inflammation. We examined whether DEP
could alter the production of CC chemokines by cells
residing in the human nasal mucosa. At both 6 and 24 h
following intranasal DEP challenge, the levels of nasal
RANTES, MIP-1la, and MCP-3 were significantly ele-
vated compared to baseline. In contrast, DEP did not
enhance levels of Eotaxin at any time, demonstrating
that the action of DEP was not simply a global effect
on all CC chemokines. Challenge with saline resulted
in no significant change in expression of any chemo-
kine at any time. Challenge with DEP also resulted in
an increase in total cell counts in nasal lavage fluids.
Increases in lymphocyte, monocyte/macrophage, and
neutrophil cells were observed but there was no
change in eosinophil cell numbers. In contrast, there
was a significant enhancement of ECP protein levels
in washes performed 6 to 24 h after DEP challenge.
Elevated specific nasal chemokine expression follow-
ing exposure to DEP likely participates in the inflam-
mation, cellular infiltration, and increase in IgE ob-
served in the absence of allergen. © 2000 Academic Press
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INTRODUCTION

One of the hallmarks of allergic airway disease is
infiltration of the airways with inflammatory cells,
such as eosinophils, basophils, mast cells, and mono-
nuclear cells. A group of chemotactic cytokines have
been identified, termed “chemokines,” and categorized
into several families according to a cysteine signature
motif (C, CC, CXC, and CX,C) (1, 2). The CC chemo-
kine family is so named since it has two adjacent N-
terminal-conserved cysteine residues (3); members of
this family include RANTES, MCP, MIP-1, and
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Eotaxin (3—6). CC chemokines are thought to be espe-
cially important in allergic inflammation since they are
involved in the chemotaxis of mononuclear cells, acti-
vation of eosinophils, mediator release from basophils
and mast cells, and augmentation of T cell proliferation
and cytokine production (1, 7). In addition, elevated
expression of CC chemokines has been reported in
allergic asthmatic patients (8) and in nasal or bron-
chial secretions of allergic subjects following challenge
with allergen (9).

In this study, we demonstrate for the first time en-
hanced expression of CC chemokines in vivo in re-
sponse to the model pollutant diesel exhaust particle
aggregates (DEP). We have previously shown that
DEP challenge, in the absence of allergen, will cause a
local increase in total IgE responses in human subjects
in vivo in parallel with increased cytokine production
(10, 11). In addition, allergic subjects challenged with
both DEP and allergen produce a heightened TH2-type
cytokine response and elevated levels of allergen-spe-
cific IgE (12). We have also observed an increase in the
number of inflammatory cell types which appear in the
nasal mucosa in response to DEP exposure. In this
study, therefore, we extended our previous findings to
investigate the effect of DEP challenge on chemotactic
cytokines. Here, we show that in vivo challenge of
human subjects with DEP alone will induce or increase
expression of RANTES, MIP-1«, and MCP-3 in nasal
secretions.

MATERIALS AND METHODS
Subjects

Ten healthy, nonsmoking volunteers (3 men and 7
women), ranging in age from 23 to 31 years old, were
recruited in Los Angeles, California. Eight had no his-
tory of asthma, allergic rhinitis, or any allergic or
chronic respiratory illness. Two had a history of sea-
sonal allergies but were asymptomatic and did not take
any medication 3 days prior to or at any time during
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the duration of the study. All atopic subjects were
outside their allergy season. None of the volunteers
had any out of the ordinary exposure to air pollutants.
All studies were approved by the Human Subject Pro-
tection Committee of the University of California at
Los Angeles.

Nasal Challenge and Cell Counts

DEP were obtained from light duty diesel passenger
cars and processed as previously described (10). Nasal
washes and provocation challenges were performed as
previously described (10, 12, 13). Briefly, 5 ml of nor-
mal saline was delivered into each nostril of the sub-
jects and after 10 s, the wash fluid was collected. The
initial wash was discarded. The subjects then per-
formed up to eight subsequent nasal washes at 10-min
intervals. The combined lavage fluids were centrifuged
at 350g for 10 min at 4°C, and the aqueous superna-
tants separated from the cell pellets. The total number
of cells at each time was counted with a modified
Neubauer hemocytometer (American Optical Corp.,
Buffalo, NY). Differential staining was performed us-
ing a modified Giemsa stain. Ten minutes following the
last wash, subjects were challenged with either 200 ul
saline or 0.3 mg DEP in 200 ul saline. The dose of DEP
used had previously been shown to produce optimal
IgE production in vivo. Nasal washes were then re-
peated, as above, on subjects 2, 4, 6, and 24 h after
challenge.

Measurement of Chemokines and Mediators

Protein levels were measured in nasal washes using
commercially available ELISA Kkits for RANTES,
Eotaxin (Intergen, Purchase, NY), MIP-1« (Endogen,
Woburn, MA), and MCP-3 (Pharmingen, San Diego,
CA) and were performed following manufacturers’ in-
structions. The amounts of ECP in the nasal washes
were determined using a sensitive radioimmunoassay
(Pharmacia Diagnostics, Inc., Fairfield, NJ).

Statistical Analysis

The Statview Il computer package (Abacus Con-
cepts, Berkeley, CA) for the Macintosh was used for all
analysis. Comparisons within groups were done using
paired t tests. Comparisons between groups were per-
formed using unpaired t tests.

RESULTS
Elevated cell counts in nasal lavages were detected

in subjects following in vivo challenge with DEP. Fig-
ure 1 shows that the total number of cells rose 2 h after
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FIG. 1. Changes in cell counts in nasal wash fluids. (a) The
number of nonepithelial cells and mononuclear cells following chal-
lenge with 0.3 mg DEP or 200 ul saline. (b) The total numbers of
neutrophils, monocyte/macrophages, lymphocytes, and eosinophils
in nasal washes performed immediately before or 24 h after chal-
lenge with 0.3 mg DEP. The mean plus 1 SD of 10 subjects is shown.
*P < 0.05, **P < 0.05, compared to baseline (time 0).

the challenge and continued to increase up to a peak at
6 h. The numbers of lymphocytes, monocyte/macro-
phages, and neutrophils were all elevated 24 h after
challenge (P < 0.01, P < 0.01, P < 0.05, respec-
tively) but there was no change in eosinophil cell num-
bers. In contrast, challenge with saline did not result in
any change in non-epithelial cell numbers at any time
(data not shown).

Challenge of subjects with DEP resulted in an in-
crease in RANTES protein in nasal washes (Fig. 2a).
Prior to challenge RANTES protein could be detected
in washes from 8 of the 10 subjects. There was no
increase in RANTES production at any time after chal-
lenge with saline. In contrast, RANTES was detectable
and mean levels were significantly elevated compared
to prechallenge levels at 4, 6, and 24 h after challenge
with DEP. Mean maximal expression was reached 6 h
after challenge. There was also a significant increase in
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DEP-induced changes in nasal chemokine production. Time course of RANTES (a), MIP-1« (b), MCP-3 (c), and Eotaxin (d)

secretion in nasal washes following challenge with 0.3 mg DEP (n = 10). The mean and 1 SD are shown. *P < 0.05 compared to baseline.

the levels of MIP-1« following in vivo challenge with
DEP. Both chemokines had a similar time course of
induction; maximal MIP-1a mRNA expression was ob-
served 6 h postchallenge and remained elevated at 24 h
after challenge (P < 0.01 for both times compared to
prechallenge levels) (Fig. 2b). MIP-1a could not be de-
tected in cells obtained from lavages performed prior to
challenge or after challenge with saline in any subject.
MCP-3 production was also enhanced by DEP chal-
lenge. In contrast to MIP-1« detectable levels of MCP-3
were measured in nearly all subjects (9/10) prior to any
challenge. The time course of DEP-induced MCP-3 pro-
duction clearly differed from that of RANTES and
MIP-1a (Fig. 2c). Thus, maximal MCP-3 levels were
detected at 24 h after challenge, although significantly
elevated MCP-3 levels were observed 6 h after in vivo
challenge. Again, MCP-3 levels were not altered by
challenge with saline. Although eotaxin could be de-
tected in 3 of the 10 subjects prior to challenge, in vivo
challenge with DEP did not enhance its production or

secretion at any time (Fig. 2d). Thus there was no
difference at any time in eotaxin levels between
washes performed after challenge with DEP and those
done after saline challenge (P > 0.05).

An important factor in allergic inflammation is the
activation of eosinophils (14). Therefore, the release of
specific granule proteins by eosinophils was monitored
by measuring ECP levels in the nasal washes at the
different times (Fig. 3). Compared to baseline levels
there was a significant increase in ECP levels at 6 and
24 h following challenge with DEP (P < 0.01 for both
times). Moreover, challenge with saline did not result
in any change in ECP levels at any time.

DISCUSSION

Recent studies have highlighted the importance of
CC chemokines in both allergic inflammation and his-
tamine release (1). In this study we show that some of
the CC chemokines can be induced and up-regulated by
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FI1G. 3. DEP-induced changes in nasal ECP. The amount of ECP
increased after challenge with 0.3 mg DEP but did not change after
challenge with saline. The mean and 1 SD are shown. *P < 0.01
compared to baseline.

DEP as model pollutant in vivo. Challenge of human
subjects with DEP induced expression of MIP-1a,
RANTES, and MCP-3 but did not alter Eotaxin pro-
duction. These results are important in light of previ-
ous studies that show that DEP will both initiate (15)
and augment (10-12) allergen-induced responses and
may provide part of the explanation of how DEP can
increase IgE production in the absence of allergen.
Previous work by our group (10-12) and others (16,
17) studying the effect the prototypic particulate mat-
ter pollutant DEP have focused on its effect on allergic
inflammation, that is, inflammation enhancing the
TH2 cytokine profile and IgE antibody responses that
lead to increased sensitization. DEP and the polyaro-
matic hydrocarbons (PAH) they contain can enhance
both human and murine IgE responses in vivo and in
vitro. Additionally, DEP can act in vivo to potentiate
cytokine production at the human upper respiratory
mucosal surface. In the presence of allergen, DEP will
enhance allergen-specific IgE and induce a TH2 cyto-
kine profile. Additionally, DEP can induce allergic sen-
sitization, causing the formation of IgE to a neoaller-
gen. In this study we have extended these findings to
show that DEP may also have a role in acute inflam-
mation in vivo. Many studies have implicated ambient
air pollution as a major health problem, especially in
its ability to exacerbate airway inflammation and
asthma (18-21). The ability of pollutants such as ozone
to induce acute inflammation and cause cellular infil-
tration of the airways has also been shown (22). Re-
cently Fahy et al. showed that the organic extract from
DEP could directly act on peripheral blood mononu-
clear cells to increase secretion of RANTES and the
CXC chemokine IL-8 in vitro (23). These studies sup-
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port our view that pollutants may cause cellular infil-
tration and an inflammatory response in the absence of
allergen by induction of certain chemokines.

Chemokines are a family of homologous chemotactic
cytokines which are released as a response to injury,
allergens antigens, and microorganisms. CC chemo-
kines are chemotactic for monocytes and lymphocytes,
with the exception of Eotaxin, which seems to act ex-
clusively on eosinophils (1, 24). This family of chemo-
kines is of particular interest in allergic airway disease
since many of its members have other nonchemotactic
activities, (1, 7) in particular the ability to release
histamine from basophils in an IgE-independent fash-
ion (1, 5, 25). DEP increased expression of MCP-3,
MIP-1a, and RANTES, all of which are potent hista-
mine-releasing factors and all of which can augment T
cell proliferation and cytokine production. In addition,
RANTES has been shown to activate eosinophils and
cause the secretion of eosinophil cationic protein (ECP)
(1, 7). Increased RANTES expression may, therefore,
explain the elevated ECP levels observed in nasal
washes following challenge with DEP.

The rapid time course of expression of these chemo-
kines anticipates the increase in cell numbers and ECP
levels which are elevated within 6 h of challenge with
DEP. The increase in chemokine levels suggest that
DEP-induced enhanced chemotaxis may occur and re-
sult in infiltration of the airway by monocytes, lympho-
cytes, and other inflammatory cells.

Interestingly, the CC chemokine response to nasal
challenge with DEP mimics that observed after nasal
challenge with allergen (9). Allergen challenge in-
creases recovery of MCP-1, MIP-1«, and RANTES from
nasal secretions. This is in keeping with a growing
body of evidence suggesting a role for these molecules
in allergic disease and asthma. Elevated levels of CC
chemokines are detected in the bronchoalveolar lavage
fluid obtained from patients with mild allergic asthma
(8) and allergen challenge will increase RANTES levels
in these subjects. Elevated levels of RANTES are also
observed in patients with atopic dermatitis and injec-
tion of allergen into these subjects results in cutaneous
MRNA expression of MCP-3 and RANTES (26).

In this study, while challenge of subjects with DEP
resulted in the increased expression of MCP-3,
RANTES, and MIP-1¢, it did not result in increased
Eotaxin production. It appears that in our model
Eotaxin is regulated differently from the other chemo-
kines studied. In contrast, in animal models, aerosol-
ized allergen will result in the accumulation of Eotaxin
mMRNA in lung tissue (27). It is possible, though un-
likely, that we are simply failing to recover those cells
that are producing Eotaxin. A significant proportion of
cells recovered from nasal lavages are epithelial cells,
cells now reported to produce Eotaxin (28). Current
studies are directed at finding the source of the chemo-
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kines. The inability of DEP to induce Eotaxin may
explain why eosinophil cell numbers fail to increase
after DEP challenge, while other cell types do.

Another consequence of elevated DEP-induced CC
chemokine expression may be in the regulation of IgE.
As noted, we have previously shown that in subjects
challenged with DEP in the absence of allergen, there
is an increase in IgE and 1gG4 protein but not in other
immunoglobulins, such as IgA, IgM, or total I1gG1. Si-
multaneously, there was an increase in IgE-secreting
cell numbers and total epsilon mRNA recovered from
nasal washes. Kimata et al. (29) have shown that, both
in vivo and in vitro, both RANTES and MIP-1a will
selectively enhance IgE and 1gG4. They showed that
the enhancement was due to direct stimulation of
slgE” and slgG4™ B cells, suggesting that these che-
mokines may play a role in IgE production by and
growth of IgE-committed B cells. Additionally, we have
previously noted that enhanced IgE and 1gG4 produc-
tion appears to result, at least in part, from DEP ex-
panding a preexisting population of IgE-committed
memory B cells present in the nasal mucosa (10). This
expansion may occur via increased production of RAN-
TES and MIP-1«. The action of these chemokines may
explain the IgE and 1gG4 isotype-specific effect ob-
served after challenge with DEP.

The results presented here have several important
clinical implications. First, they demonstrate that the
pollutant DEP can mimic some of the effects of allergen
in inducing CC chemokines. This could lead to infiltra-
tion of the airway with lymphocytes, monocytes, and
possibly eosinophils. Second, our findings suggest that
in allergic subjects, inflammation resulting from expo-
sure to DEP will be of a dual nature; that is, there will
be both IgE-mediated and IgE-independent histamine-
releasing factors present. Third, increased chemokine
expression may lead to enhanced IgE production from
slgE™ and slgG4™ B cells, thereby heightening future
allergic inflammation.
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