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Diesel Exhaust Particles Suppress In Vivo IFN-␥ Production
by Inhibiting Cytokine Effects on NK and NKT Cells1
Fred D. Finkelman,2*†‡ Mingyan Yang,* Tatyana Orekhova,* Erin Clyne,*
Jonathan Bernstein,* Michael Whitekus,§ David Diaz-Sanchez,§ and Suzanne C. Morris*‡

T

he incidence of allergic disorders and the morbidity and
mortality caused by these disorders increased substantially in developed countries during the second half of the
twentieth century (1– 4). There are probably multiple reasons for
this increase, including improvements in vaccines, antibacterial
drugs, and hygiene that decrease bacterial and parasitic infection
and modify normal intestinal flora; changes in diet and activity;
decreased family size; and a change in exposure to pollutants created by fuel combustion (1– 6). With regard to the last possibility,
any increased contribution of combustion-associated pollutants to
allergy may reflect a qualitative change in pollutant exposure
caused by a shift from the use of wood and coal to the use of
petroleum for energy, rather than from a quantitative increase in
exposure to combustion-related pollutants (1– 6). Particular attention has been paid to diesel exhaust particles (DEP),3 hydrocarbon
liquids adsorbed to microscopic particulate carbon cores emitted
by diesel engines. DEP exposure has been linked to the incidence
of allergic disorders, particularly asthma, in epidemiological studies, and inhaled and injected DEP have been shown to be a potent
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adjuvant for the development of an allergy-related Th2 immune
response in animal studies (7–12).
The precise mechanism by which DEP exposure promotes allergic responses is not entirely clear, although oxidant activity of
the adsorbed hydrocarbons, rather than properties specific to the
carbon core, appears to be involved (13–16). In this regard, hydrocarbon extracts of DEP have been reported to induce IL-4 production by cultured human basophils and promote a murine in vivo
Th2 response (17–19), and inhalation of DEP, or other oxidants,
has been reported to induce production of GM-CSF, which can
costimulate a Th2 response (20, 21). However, the same cells of
the innate immune system that produce these inflammatory cytokines also produce cytokines such as IL-12 and the type I IFNs,
which promote Th1 differentiation and inhibit Th2 responses by
stimulating IFN-␥ production (22–24). Thus, the mechanism by
which DEP promote a Th2 response, rather than a Th1 response,
remains uncertain.
To investigate this issue, we evaluated whether DEP can contribute to the elicitation of a Th2 response by directly inducing
IL-4 production or by inhibiting the production of IFN-␥. We find
that DEP strongly suppress cytokine- and Toll-like receptor ligand
(TLRL)-induced IFN-␥ responses by NK and NKT cells through a
mechanism unrelated to oxidant activity, and suggest that this effect of DEP may contribute to their ability to promote a Th2 response and allergy.

Materials and Methods
Mice
Female BALB/c and C57BL/6 mice were purchased from National Cancer
Institute (Frederick, MD) and were used at age 2– 4 mo. All experiments
used five mice/group, unless otherwise noted in the figure legends.

Reagents
DEP were a gift from M. Sagai (Aomori University of Health and Welfare,
Faculty of Health Sciences; Aormori, Japan). These particles were generated by a light-duty, four-cylinder diesel engine (4JB1 type; Isuzu Automobile, Tokyo, Japan) using standard diesel fuel, as previously described
(25, 26). This preparation has been used in many other studies of the
0022-1767/04/$02.00
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Diesel exhaust particles (DEP) have strong, selective Th2 adjuvant activity when inhaled with conventional Ags. We used a novel
technique for measuring in vivo cytokine production to investigate possible mechanisms by which DEP might promote a Th2
response. Injection of DEP i.p. stimulated IL-6 secretion, but failed to increase IL-4, IL-10, or TNF-␣ secretion, and decreased
basal levels of IFN-␥. When injected with or before LPS, DEP had little effect on the LPS-induced TNF-␣ responses, but partially
inhibited the LPS-induced IL-10 response and strongly inhibited the LPS-induced IFN-␥ response. DEP also inhibited the IFN-␥
responses to IL-12, IL-12 plus IL-18, IL-2, and poly(I 䡠 C). DEP treatment had little effect on the percentages of NK and NKT cells
in the spleen, but inhibited LPS-induced IFN-␥ production by splenic NK and NKT cells. In contrast, DEP failed to inhibit the
IFN-␥ response by anti-CD3 mAb-activated NKT cells. Taken together, these observations suggest that DEP inhibit Toll-like
receptor ligand-induced IFN-␥ responses by interfering with cytokine signaling pathways that stimulate NK and NKT cells to
produce IFN-␥. Our observations also suggest that DEP may promote a Th2 response by stimulating production of inflammatory
cytokines while simultaneously inhibiting production of IFN-␥, and raise the possibility that the same mechanisms contribute to
the association between DEP exposure and asthma. The Journal of Immunology, 2004, 172: 3808 –3813.

The Journal of Immunology

3809

biological effects of DEP (10, 27–29) and is similar to other DEP preparations in its mean particle size (⬃2 M diameter) and the qualitative
nature of its hydrocarbon content, which includes polyaromatic hydrocarbons and oxidized derivatives of p-aminohippuric acid, such as quinines;
however, different engines, different loads, different sources of diesel fuel,
and different running cycles all have quantitative effects on the precise
hydrocarbon composition of DEP (30, 31). Murine cytokine standards
(IL-2, IL-4, IL-6, IL-10, IFN-␥, and TNF) and mAbs used to assay for
these cytokines by ELISA and the in vivo cytokine capture assay (IVCCA)
were purchased from BD PharMingen (San Diego, CA). PE-labeled antiNK1.1 and DX5 mAbs were also purchased from BD PharMingen. Human
IL-2 was obtained from the National Cancer Institute. A kit for measuring
levels of IL-12 p70 in mouse serum was purchased from R&D Systems
(Minneapolis, MN). N-acetylcysteine (NAC), activated charcoal powder,
and Salmonella typhimurium LPS were purchased from Sigma-Aldrich (St.
Louis, MO). Poly(I 䡠 C) was purchased from Calbiochem (La Jolla, CA).
An immunofluorescence-based kit for measuring IFN-␥ production by individual cells in culture (mouse IFN-␥ secretion assay detection kit) was
purchased from Miltenyi Biotec (Auburn, CA) and was used according to
the manufacturer’s directions.

Preparation of DEP suspensions

IVCCA
The IVCCA (32, 33) was used to measure in vivo production of IL-2, IL-4,
IL-6, IL-10, IFN-␥, and TNF. Briefly, mice were injected i.v. with one or
more biotin-labeled neutralizing anti-cytokine mAbs (10 g each) simultaneously (unless otherwise noted in the figure legend) with the injection of
a stimulus for cytokine production, such as LPS. The anti-cytokine mAbs
capture their ligands and prevent their catabolism, use, and excretion, so
that they accumulate in serum. Mice were bled 1 day later, and serum
levels of cytokine/biotin/anti-cytokine mAb complexes were determined
by ELISA, using microtiter plate wells coated with Abs that bind cytokine
epitopes that are not blocked by the injected anti-cytokine mAbs. Bound
complexes are detected by a streptavidin-enzyme conjugate, followed by a
luminogenic substrate. Measurements performed with this technique,
which generally increases the sensitivity of cytokine detection ⬃100-fold,
are highly specific and are linearly related to the quantity of cytokine produced (32, 33).

Determination of IFN-␥ mRNA levels by real-time PCR
TRIzol reagent (Life Technologies, Frederick, MD) was used to isolate
RNA from individual mouse spleens. mRNA was reverse transcribed for
PCR amplification with an Omniscript RT kit (Qiagen, Valencia, CA).
Quantitation of IFN-␥ mRNA by real-time PCR was performed using TaqMan assay reagents for murine IFN-␥ and for 18S rRNA (standard) (Applied Biosystems, Foster City, CA) and an iCycler (Bio-Rad, Hercules,
CA), according to the manufacturers’ directions.

Immunofluorescence staining and flow cytometry
Single cell suspensions prepared from mouse spleens were stained with 1
g of each PE- or FITC-labeled mAb for 30 min on ice in a total volume
of 100 l of HBSS plus 10% FBS and 0.2% NaN3. After washing, cells in
a lymphocyte plus macrophage scatter gate were analyzed for FITC and PE
fluorescence with a BD Biosciences (Mountain View, CA) FACSCalibur.

Statistical analysis
Differences between groups were tested for significance by a two-tailed t
test program (EpiStat, Decatur, GA), according to the manufacturer’s
directions.

Results
DEP stimulate production of IL-6 and suppresses baseline
production of IFN-␥
The IVCCA was used to evaluate systemic in vivo cytokine responses to DEP. Mice injected a single time i.p. with 2 mg of DEP
in saline demonstrated increased IL-6 production, but no increase
in IL-4 or IL-2 production (Fig. 1, upper panel). In contrast to the
increased production of IL-6, TNF production was not affected
(Fig. 1, middle and lower panels) and IFN-␥ levels were considerably decreased in some experiments (Fig. 1, middle panel); this

FIGURE 1. DEP stimulate IL-6 production and inhibit basal IFN-␥ production. BALB/c mice were injected i.p. once with saline or 2 mg of DEP
suspended in 0.2 ml of saline (upper and middle panels) or daily for 3
consecutive days with saline or 2 mg of DEP (lower panel). Cytokine
production was determined by IVCCA in this and in subsequent figures,
unless otherwise noted. Geometric means and SEMs are shown in this and
in subsequent figures. Statistically significant (p ⬍ 0.05) changes are indicated in this figure and in subsequent figures by the following symbols:
ⴱ, significantly increased as compared with the untreated group; †, significantly decreased as compared with the untreated group; ⫹, significantly
increased as compared with the stimulated group; #, significantly decreased
as compared with the stimulated group.

decrease was ⬃75% when mice were injected with DEP on 3
successive days (Fig. 1, lower panel).
DEP selectively suppress the IFN-␥ response to TLRL and
cytokines
To determine whether DEP suppress TLRL4-induced IFN-␥ production, we evaluated the ability of a single i.p. injection of DEP
to inhibit the IFN-␥ response to LPS. A single injection of 100 g
of LPS greatly increased the production of IL-6, IL-10, TNF, and
IFN-␥ during the subsequent 24 h. Injection of 2 mg of DEP 2 h
before LPS administration completely suppressed the LPS-induced
IFN-␥ response and partially suppressed LPS-induced IL-10 production, but had no effect on LPS induction of IL-6 or TNF production (Fig. 2A). DEP suppressed the LPS-induced increase in
IFN-␥ mRNA (Fig. 2B), although not as completely as it suppressed IFN-␥ secretion. DEP suppression of IFN-␥ secretion was
dependent on molecules adsorbed to the DEP carbon cores, because injection of mice with activated charcoal, which mimics the
carbon cores of DEP, but lacks the adsorbed hydrocarbons, had no
effect on LPS-induced IFN-␥ secretion (Fig. 2C).
Additional experiments were performed to determine whether
DEP suppress LPS-induced IFN-␥ production by inhibiting LPSinduced production of cytokines that stimulate IFN-␥ production,
such as IL-12, or the IFN-␥ response to such cytokines. DEP suppressed the IL-12 response to LPS by a factor of ⬃3 (Fig. 2D), but
also, and more completely, suppressed IFN-␥ responses to IL-12
and to IL-12 plus IL-18 (Fig. 2, E and F). DEP suppression of
IFN-␥ production was not, however, limited to inhibition of the
effects of IL-12. DEP suppressed the stimulatory effect of IL-2 on
IFN-␥ production, which is IL-12 independent (34), as well as the
stimulatory effect of poly(I 䡠 C), which activates IFN-␥ production
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DEP were suspended in PBS at a concentration of 10 mg/ml by sonicating
for 3 min with a Branson sonifier, using the number 7 setting.
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DEP SUPPRESSION OF IFN-␥ PRODUCTION

FIGURE 3. Effect of DEP dose on inhibition of LPS-induced IFN-␥ production. BALB/c mice were injected i.p. with saline or 0.125–2 mg of DEP
suspended in saline, followed 2 h later by 100 g of S. typhimurium LPS.

through a mechanism that depends on Toll-like receptor 3 and
involves the production of type I IFNs (Fig. 2G) (24, 35).
DEP suppression of IFN-␥ production is dose related, rapid,
and long lasting

DEP suppress LPS-induced IFN-␥ production by NK and NKT
cells, but fail to suppress the NKT cell response to TCR crosslinking

FIGURE 2. DEP inhibit TLRL- and cytokine-induced IFN-␥ responses.
A, BALB/c mice were injected i.p. with saline or with 2 mg of DEP in
saline, followed 2 h later by i.p. injection of saline or 100 g of S. typhimurium LPS. B, BALB/c mice (5/group) were injected i.p. with saline or
2 mg of DEP and 2 h later with saline or LPS. Spleens were removed 4 h
later, and IFN-␥ mRNA levels were determined by real-time PCR; levels
shown are relative to those in saline-treated mice. C, BALB/c mice were
injected i.p. with saline or 2 mg of activated charcoal suspended in saline,
and 2 h later with 100 g of LPS i.p. D, BALB/c mice were injected i.p.
with saline or 2 mg of DEP. Mice were injected i.p. with saline or 100 g
of S. typhimurium LPS 2 h later and bled 2 h after that. Serum IL-12 levels
were determined by ELISA. E, BALB/c mice were injected i.p. with saline,
2 mg of DEP, 1 g of IL-12, or DEP plus IL-12. F, BALB/c mice were

To characterize the cell types involved in DEP suppression of
IFN-␥ production, we evaluated DEP effects on the two cell types
that have been most closely associated with rapid production of
IFN-␥: NK and NKT cells (36). The initial experiment was performed with C57BL/6 mice because NK1.1, the standard marker
for identifying NK and NKT cells, is not expressed in BALB/c
mice (37). DEP injection caused a significant decrease in spleen
cell number, but has little effect on the percentages of NK or NKT
cells in spleen (Fig. 5A). A second experiment, performed in
BALB/c mice, in which DX5, rather than NK1.1, was used as an
NK and NKT cell marker, with NK cells defined as DK5⫹CD3⫺
and NKT cells defined as DX5⫹CD3⫹ (38 – 40), gave similar results (data not shown). An additional BALB/c experiment, which
used DX5 as an NK marker, demonstrated strong DEP suppression
of IFN-␥ responses made by individual NK and NKT cells following LPS stimulation (Fig. 5B). The effect of DEP on IFN-␥
production by these cell types probably accounts for most of the
suppressive effect of DEP on LPS-induced IFN-␥ production, because LPS failed to induce detectable IFN-␥ production by B cells
or conventional (DX5⫺) T cells (Fig. 5B). In contrast to the suppressive effect of DEP on LPS-induced IFN-␥ production by NK
and NKT cells, DEP failed to suppress anti-CD3 mAb-induced
production of IFN-␥, or other cytokines, which is NKT cell derived (41) (Fig. 5C).

injected i.p. with saline, 2 mg of DEP, 20 ng of IL-12 ⫹ 1 g of IL-18, or
with DEP, IL-12, and IL-18. G, BALB/c mice were injected i.p. with
saline, 2 mg of DEP, 100,000 U of human IL-2, 1 mg of poly(I.C), DEP ⫹
IL-2, or DEP ⫹ poly(I.C).
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To further characterize DEP suppression of the IFN-␥ response to
LPS, we evaluated the effect of varying the dose of DEP administered from 0.1 to 2 mg. Although every dose administered suppressed the IFN-␥ response, there was a clear dose effect, with the
most complete suppression observed at the highest dose (Fig. 3).
DEP suppression of IFN-␥ production developed rapidly, as it was
observed when DEP and LPS were coadministered (Fig. 4, upper
panel) and was long lasting, because it was undiminished when
LPS was inoculated 4 days after DEP (Fig. 4, lower panel).
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FIGURE 4. Kinetics of DEP inhibition of LPS-induced IFN-␥ production. BALB/c mice were injected i.p. with saline, 100 g of S. typhimurium
LPS, or LPS ⫹ 2 mg of DEP (upper panel), or with DEP 6 –96 h before
injection of LPS.

DEP suppression of LPS-induced IFN-␥ production is not
reversed by a reducing agent

Discussion
Our observations demonstrate that DEP, in addition to their capacity to induce the production of some inflammatory cytokines,
potently inhibit IFN-␥ production by NK and NKT cells. Inhibition
of LPS-induced IFN-␥ production results both from a partial inhibition of the IL-12 response to LPS and more complete inhibition of the IFN-␥ response to other cytokines, including IL-2, IL12, and IL-18. DEP inhibition of IFN-␥ production is observed
even in the absence of cytokine or TLRL stimulation and is relatively specific, in that DEP fail to suppress TLRL-induced production of some inflammatory cytokines, including TNF, and stimulate production of IL-6. DEP inhibition of IFN-␥ production is
rapid in onset, long lasting, and dose related. DEP act, at least
partially, through an inhibitory effect on steady state IFN-␥ mRNA
levels, although the greater inhibition of secretion than gene expression (compare A and C in Fig. 2) suggests that DEP may also
suppress IFN-␥ production through posttranscriptional mechanisms. It is unlikely, however, that DEP have a direct, pan-suppressive effect on IFN-␥ transcription or translation, because they
fail to inhibit TCR cross-linking-induced IFN-␥ production by
NKT cells. This observation, and our observation that DEP do not
selectively eliminate NK or NKT cells, make it unlikely that DEP
inhibit IFN-␥ through a toxic effect on these cell types. Thus, it
seems most likely that DEP inhibit IFN-␥ by selectively interfering
with cytokine signaling pathways that can induce IFN-␥ production by these cells. Although the mechanism by which DEP may
interfere with such signaling pathways is uncertain, it does not
seem to be related to the oxidant activity of DEP-associated hydrocarbons, as the suppressive effect of DEP on IFN-␥ production
is not reduced by pretreatment of mice with the reducing agent,
NAC, even at doses of NAC that are themselves suppressive of
LPS-induced IFN-␥ production. Indeed, the ability of NAC to directly suppress LPS-induced IFN-␥ production raises the possibility that NAC suppression of DEP-costimulated Th2 responses reflects a direct suppressive effect of high concentrations of NAC on
immune responses rather than specific inhibition of oxidant-associated adjuvanticity. In this regard, it is noteworthy that previous

FIGURE 5. DEP inhibit LPS-induced IFN-␥ production by splenic NK
and NKT cells. A, C57BL/6 mice (3/group) were injected i.p. with saline,
2 mg of DEP suspended in saline, or 2 mg of activated charcoal suspended
in saline. One day later, spleen cells were stained for NK1.1 and CD3, and
analyzed by flow cytometry for the percentages of NK (NK1.1⫹CD3⫺) and
NKT (NK1.1⫹CD3⫹) cells. Similar results were observed when BALB/c
mice were treated with DEP and stained with the mAb DX5, rather than
anti-NK1.1 mAb, to identify NK cells (data not shown). B, BALB/c mice
(3/group) were injected i.p. with saline, 100 g of S. typhimurium LPS, 1
mg of DEP, or DEP ⫹ LPS. One day later, spleen cells were stained to
detect ex vivo secretion of IFN-␥ over a 30-min period, as described in
Materials and Methods. Spleen cells were also stained for the expression
of a B cell marker (B220), an NK marker (DX5), and a T cell marker
(CD3), and were analyzed by flow cytometry for mean fluorescence intensity of IFN-␥ staining on B cells (B220⫹CD3⫺), conventional T cells
(CD3⫹DX5⫺), NK cells (CD3⫺DX5⫹), and NKT cells (CD3⫹DX5⫹). C,
BALB/c mice were injected i.p. with saline or DEP. One hour later, mice
were injected i.v. with saline or 10 g of anti-CD3 mAb.

publications that demonstrated NAC inhibition of DEP Th2 adjuvanticity did not test for the possibility that the high concentration
of NAC used (⬃6 –7 mg/mouse) directly suppressed immune responsiveness (15). Against this possibility, however, is evidence
that multiple oxidants have proinflammatory effects and that relatively low concentrations of some thiol antioxidants block these
effects (42).
Taken together with previous observations, our findings suggest
that DEP may be a particularly potent Th2 adjuvant for at least two
reasons: 1) they can induce the production of cytokines that can
costimulate a Th2 response; and 2) they can suppress the production of the cytokines, IL-12 and IFN-␥, that most potently inhibit
the Th2 response and the proallergic effects of Th2 cytokines. DEP
inhibition of IL-10 production (Fig. 2A) may also promote Th2
responses by preventing IL-10 suppression of Ag presentation. Finally, our observation that DEP inhibit IL-12 induction of IFN-␥
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Because DEP induction of inflammatory cytokine production and
Th2 adjuvanticity have been reported to depend on the oxidant
activities of DEP hydrocarbons and are inhibited by administration
of the reducing agent, NAC (13–15), we evaluated whether NAC
could similarly block DEP inhibition of LPS-induced IFN-␥ production. In contrast to its apparent inhibitory effects on DEP adjuvanticity, NAC failed to block DEP inhibition of LPS-induced
IFN-␥ production; in fact, NAC itself inhibited the IFN-␥ response
to LPS (Fig. 6).
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production raises the possibility that DEP have a global inhibitory
effect on IL-12 signaling, including direct suppressive effects of
IL-12 on the Th2 response.
It is uncertain, however, how relevant DEP suppression of
IFN-␥ production is to the association between DEP exposure and
the incidence of human asthma. All of our studies have evaluated
the effects of 1–3 large doses of DEP, administered i.p., on the
systemic response to i.p. administered LPS, while any effects on
human asthma would probably result from the cumulative effects
of chronic inhalation of relatively low amounts of DEP. We believe that the results of i.p. administration of DEP are likely to be
relevant to the effects of inhaled DEP, because i.p. injection of
mice with DEP, like DEP inhalation, enhances IgE responses (43,
44). We have examined DEP effects on the IFN-␥ response to
inhaled LPS and other TLRL. The results of these studies have
been negative for a surprising reason: although systemic administration of TLRL induces a strong systemic IFN-␥ response, inhalation of the same TLRL induces marked pulmonary production of
IL-6, TNF, and GM-CSF, but little or no IFN-␥ production (45).
Indeed, our studies with inhaled TLRL and infectious agents suggest that the large IFN-␥ responses that are produced in the lung
during viral, bacterial, and fungal infections probably involve the
migration of IFN-␥-producing cells into the lung, rather than the
induction of IFN-␥ production by cells intrinsic to the lung. We
postulate that chronic DEP inhalation will, over time, inhibit systemic IFN-␥ responses and/or IFN-␥ production by cells that have
migrated to the lungs, and this possibility is supported by studies
that demonstrate DEP exacerbation of infections with inhaled
pathogens that require a Th1 cytokine response for their control
(46). Studies that directly test this hypothesis are in progress.
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