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Abstract

Background—Exposure to traffic pollution particulate matter, predominantly diesel exhaust 

particles (DEP), increases risk for asthma and asthma exacerbation, however the underlying 

mechanisms remain poorly understood.

Objective—To examine the impact of DEP exposure on the generation and persistence of 

allergen-specific memory T-cells in asthma and translate these findings by determining the impact 

of early DEP exposure on the prevalence of allergic asthma in children.

Methods—The impact of DEP on HDM-specific memory responses was determined using an 

asthma model. Data from children enrolled in the Cincinnati Childhood Allergy and Air Pollution 

Study (CCAAPS) birth cohort were analyzed to determine the impact of the DEP exposure on 

asthma outcomes.
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Results—DEP co-exposure with HDM resulted in persistent Th2/Th17 CD127+ effector/

memory cells in the lungs, spleen and lymph nodes of adult and neonatal mice. After 7 weeks of 

rest, a single exposure to HDM resulted in airway hyperresponsiveness and increased levels of 

Th2 cytokines in only mice that had been previously exposed to both HDM and DEP versus HDM 

alone. Based on these data, we examined whether DEP exposure was similarly associated 

increased asthma prevalence in children in the presence or absence of allergen exposure/

sensitization in the CCAAPS birth cohort. Early life exposure to high DEP was associated with 

significantly increased asthma prevalence among allergic children, but not among non-allergic 

children.

Conclusion—These findings suggest that DEP exposure results in accumulation of allergen 

specific Th2/Th17 cells in the lungs, potentiating secondary allergen recall responses and 

promoting the development of allergic asthma.
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INTRODUCTION

A recent comprehensive and systematic review of worldwide traffic emissions and health 

science by a Special Panel convened by the Health Effects Institute found sufficient 

evidence that exposure to traffic-related air pollution (TRAP) causes asthma exacerbation in 

children1. A key component of traffic related particulate matter (PM) is diesel exhaust 

particles (DEP), which is the main contributor to TRAP-related asthma exacerbations in 

children2, 3. These primary ultra-fine DEP particles (diameter < 1.0μm) can reach small 

airways including the alveolar/gas exchange regions of the lung exacerbating respiratory 

disease symptoms3. This exposure is highly significant because in large cities in North 

America, up to 45% of the population resides in zones that are most impacted by TRAP1. 

Further, over 30% of schools are located in high TRAP exposure areas4. Even short-term 

exposure to high diesel traffic was able to reduce airway function in asthmatics5. Similarly, 

we recently reported that, in allergic children with asthma, higher DEP exposure is 

associated with increased asthma severity6.

Allergic asthma is generally regarded as a Th2 disease characterized by elevated levels of 

eosinophils and Th2 cytokines (IL4, IL5, IL13) but severe asthma is often characterized by 

mixed Th2/Th17 responses7. In mice, DEP alone had no impact on AHR, but co-exposure 

with HDM exacerbated allergic airway responses including allergen-specific IgE, 

eosinophilia and airway hyperresponsiveness (AHR)8. Transfer of antigen-specific, IL17A 

and IL13 double producing CD4+ effector T-cells into BALB/c mice triggered more severe 

inflammation upon allergen challenge compared to transfer of conventional Th2 or Th17 

cells, highlighting the potential role of this novel cell subset in allergic asthma severity9. 

Repeated DEP exposure promoted accumulation of Th17 and Th2/Th17 co-producer cells in 

the lungs of exposed mice6. Neutralization of IL-17A alleviated DEP-mediated exacerbation 

of HDM-induced AHR supporting a role for IL17A in severe asthma6.
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Herein, we examined the impact of DEP exposure on allergen specific memory and recall 

responses. Generation and maintenance of memory T cells in the lungs is still poorly 

understood and has been studied predominantly in the context of viral infections10. Memory 

T-cells are long-lived antigen-specific T-cells that arise during expansion of effector T-cells 

and survive the contraction phase of the effector response. Based primarily on studies 

focusing on CD8+ memory T-cells, three sub-populations have been described: central 

memory, effector memory and tissue resident memory T-cells11. Memory T-cells express 

high surface levels of CD44 and most express CD127, the receptor for IL-7, which plays a 

central role in CD4+ T cell homeostatic proliferation12. Central memory T-cells circulate in 

secondary lymphoid organs (spleen, lymph nodes) and express CD62L and CCR7. Effector/

memory T-cells down-regulate CD62L and CCR7 in order to leave lymphoid tissues and 

then express tissue-specific integrins and chemokine receptors11, 13. These infiltrating 

effector-memory T-cells differ from tissue-resident memory T-cells that are generated 

locally and express CD69, an early activation marker11, 14, 15

In the present study, we assess the impact DEP-mediated asthma exacerbations on the 

generation and persistence of memory T-cells. Since the nature and size of the effector 

response influences the nature and size of the memory T-cell pool16–18, we hypothesized 

that the increased accumulation of effector/memory Th2 cells in the lungs of mice co-

exposed to HDM plus DEP will result in the persistence of more HDM-specific memory 

Th2 cells in the lungs upon resolution of the effector Th2 response, potentiating future recall 

responses. We further hypothesized that if DEP exposure potentiates recall responses to 

allergen, then early life DEP exposure may promote the development of allergic asthma in 

children.

Materials and Methods

For a complete description of the materials and methods used in the murine experiments, see 

this article’s Online Repository at www.jacionline.org.

CCAAPS Cohort

CCAAPS is an ongoing prospective birth cohort study that has been described 

previously19–22. For this analysis, 578 children from CCAAPS who had at least one SPT 

result between ages 1–4 and an asthma diagnosis at age 7 were included. DEP exposure 

levels were estimated from the birth record address; high DEP was defined as the top 

quartile as described previously21. Early life aeroallergen sensitization and early HDM 

sensitization were defined as a positive SPT for any of the 15 aeroallergens or a positive 

SPT to HDM, respectively, at one exam between the ages of 1 and 4. Asthma diagnosis at 

age 7 was based on reported symptoms and spirometric testing23, based on American 

Thoracic Society criteria23. This study was approved by the Institutional Review Board 

committees of Cincinnati Children’s Hospital Medical Center and the University of 

Cincinnati.
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Statistical analysis

For the human data, statistical analyses were performed in SAS. The differences in the 

proportion of children with asthma with respect to DEP exposure (low versus high) and 

early persistent atopy (no versus yes) were evaluated with Chi-squared tests. A p-value 

<0.05 was considered significant. We also evaluated a logistic model adjusted for race, sex 

and mother’s education level. For the murine studies, statistical analyses were done using 

PRISM software (GraphPad Software Inc., La Jolla, CA). Statistical significance was 

assessed using one-way ANOVA followed by a Bonferroni post-test on the relevant groups.

RESULTS

DEP associated neutrophilia persists after HDM-induced Th2 responses return to baseline

First we determined how co-exposure to DEP affects the resolution of HDM-induced lung 

inflammation, by assessing eosinophil and Th2 cytokine BALF levels 8 and 30 days after 

the last exposure (Fig. 1A). As we have previously shown6, 24, DEP co-exposure 

exacerbates HDM-induced lung inflammation (Fig. 1B). One week later, HDM-mediated 

induction of BALF eosinophilia had largely subsided and DEP related neutrophilia 

represented the major inflammatory cell type in the BALF (Fig. 1C, 1D). BALF levels of 

IL-5 and eotaxin-1 (CCL11) were also significantly ablated whereas CXCL1 and CXCL5 

levels remained elevated 8 days after the last exposure (See Fig. E1, B–C in the online 

repository). At 30 days post-exposure, neutrophils BALF levels were still significantly 

elevated in DEP exposed mice (Fig. 1C). In contrast, eosinophils and Th2 cytokines were no 

longer present in the BALF of HDM+DEP exposed mice (Fig. 1D–F). Exposure to DEP 

alone did not induce AHR, but HDM and DEP co-exposure significantly exacerbated AHR 

24h after the last exposure (Fig. 1G). By 30 days post-exposure AHR had returned to 

baseline (Fig. 1G). Consistent with decreasing BALF Th2 cytokine levels and AHR, goblet 

cell numbers (assessed by CLCA3 expression) and mucus production were also diminished 

(Fig. 1H and Fig. E1, D in the online repository). Taken together, these results suggest that 

allergic Th2 responses have resolved within one month after the last exposure even in mice 

co-exposed to HDM and DEP.

DEP and HDM co-exposure promotes a persistent increase in lung effector/memory Th2-
cells

Co-exposure to HDM and DEP significantly increased lung cell numbers compared to mice 

exposed to either DEP or HDM alone (Fig. 2A). This accumulation of inflammatory cells in 

the lungs lasted for over a week but lung cell numbers returned to baseline within a month 

(Fig. 2A). Effector T-cells, defined as CD4+CD44+CD62L- T-cells, were significantly 

increased in mice co-exposed to HDM and DEP compared to HDM alone (Fig. 2B). One 

month after the last HDM+DEP exposure, an increased proportion of CD44+ effector/

memory CD4+ T-cells was still observed in the lungs. A similar expression pattern was 

observed for CD69 (Fig. 2C), in accordance with its expression by CD44+ effector cells and 

tissue memory cells14.

To establish the nature of these lung effector/memory T-cells, we assessed by flow 

cytometry their ability to make IFNγ, IL13 and/or IL17A following ex-vivo stimulation with 
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PMA and ionomycin in the presence of Brefeldin A. One month after the last exposure, the 

proportion of IL13+ Th2 lung cells was significantly greater in HDM and DEP co-exposed 

mice versus mice exposed only to HDM (Fig. 3A). The proportion of IL17A+ Th17 cells 

was increased in mice exposed to DEP, either alone or in combination with HDM (Fig. 3A). 

Interestingly, co-exposure to HDM and DEP resulted in higher levels of IL13 and IL17A 

double positive T cells compared to mice exposed to HDM alone (Fig. 3B). IFNγ+ Th1 cell 

levels remained unchanged (Fig. 3A). The CD4+CD44+ T-cells expressed higher levels of 

IL7R (CD127) than naïve CD4+CD44- T-cells pointing to a memory phenotype notably 

among CD4+ T-cells from mice pre-exposed to HDM plus DEP (Fig. 3C). Together these 

findings suggest the presence of higher numbers of HDM-specific memory Th2 cells in the 

lung of HDM and DEP co-exposed mice versus mice exposed to HDM alone. To support 

this, we assessed HDM recall responses in vitro. Lung cells from HDM and DEP co-

exposed mice secreted significantly more IL4 and IL17A compared to mice exposed to 

HDM alone (Fig. 3D). Similar findings were made in mice that were sacrificed 45 days after 

the last allergen exposure (See Fig. E2 in the online repository).

Increased HDM recall responses in lymphoid organs is not dependent on the continued 
presence of DEP

In contrast to HDM, which is rapidly degraded, DEP or at least its carbon core persists 

within phagocytic cells for weeks25. We assessed how long DEP persisted in lungs 

following a single exposure of DEP and found numerous DEP positive cells in the lungs 3 

months later. Further, over half of all BALF macrophages still contained DEP, albeit less on 

a per cell basis (See Fig. E3 in the online repository). Similar observations were made in 

mice that were sacrificed 45 days after the last allergen exposure (See Fig. E2 in the online 

repository).

While lymph node cells containing DEP were observed 45 days after the last DEP exposure, 

the size and cellular count of these lymph nodes were comparable to lymph nodes from 

saline exposed mice (See Fig. E4, A–B in the online repository). Upon re-stimulation with 

HDM, only mice that were exposed to both HDM and DEP secreted large amounts of 

cytokines, most notably IL4 and IL17A (Fig. E4, C in the online repository). Similarly, upon 

HDM re-stimulation, splenocytes from mice exposed to HDM+DEP secreted significantly 

more IL4 and IL17A compared to mice exposed only to HDM (Fig. E4, D in the online 

repository).

Since lungs, lymph nodes and to a lesser extend spleens from DEP (±HDM)-exposed mice 

contain DEP loaded phagocytic cells, we couldn’t exclude that the presence of these DEP 

positive cells within our cultures were responsible for the observed increase in IL4 and 

IL17A cytokine production rather than the presence of higher amounts of Th2/Th17 

effector/memory cells. To address this, we used a highly enriched population of CD4+ 

splenocytes from mice exposed 45 days prior to either saline, DEP, HDM or HDM+DEP, 

and restimulated them in vitro with plate bound anti-CD3 (Fig. E4, E in the online 

repository). After 3 days of culture, significantly more IL4 and IL17A was secreted by 

CD4+ T-cells originating from HDM and DEP co-exposed mice compared to HDM exposed 
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mice (Fig. E4, E in the online repository), supporting the presence of more Th2 and Th17 

cells in the spleens of HDM and DEP co-exposed mice.

DEP and HDM co-exposure promotes increased HDM recall responses in vivo

Based on our findings demonstrating that 6–7 weeks after the last allergen exposure, mice 

previously co-exposed to HDM and DEP have significantly more HDM-specific T-cells 

present both locally and in lymphoid tissues, we exposed these mice to a single dose of 

HDM and assessed allergic responses 40h later (Fig. 4A). Mice previously exposed to 

saline, DEP, or HDM alone did not mount an allergic response to this HDM challenge. In 

contrast, mice previously co-exposed to HDM and DEP developed increased AHR (Fig. 

4B).

We have previously demonstrated that DEP not only exacerbates allergic T-cells responses 

but also B-cell responses as evidenced by increased HDM-specific IgG1 and IgE plasma 

levels in mice co-exposed to HDM and DEP compared to mice exposed only to DEP6. 

Similar observations were made 7 weeks after 9 exposures to either HDM or HDM and DEP 

(Fig. 4C), suggesting continued production of HDM-specific IgE and IgG1 antibodies.

In addition to the chronic neutrophilic inflammation observed in the lungs of mice exposed 

to DEP, secondary HDM challenge induced additional cellular recruitment into the airways 

(Fig. 4D, 4E). In mice previously co-exposed to HDM and DEP, this secondary HDM 

challenge also induced a significant recruitment of eosinophils into the BALF (Fig. 4F). 

Accordingly, these HDM and DEP pre-exposed mice had elevated eotaxin-1 BALF levels 

following HDM recall compared to mice, which had only been exposed to HDM (Fig. 5A).

BALF Th2 cytokine (IL4, IL5, IL13) levels after secondary HDM challenge were elevated 

in mice with primary exposure to HDM and DEP compared to only HDM (Fig. 5B). 

Similarly, BALF levels of IFNγ were also increased in mice previously exposed to HDM 

and DEP (Fig. 5C). IL17A BALF levels were mostly below detection levels, but the pro-

Th17 cytokine IL6 was also elevated in mice previously exposed to both HDM and DEP 

(data not shown and Fig. 5D). IFNγ positive cells were not predominantly CD4+ T-cells 

whereas IL13 and IL17A positive cells were mostly CD4+CD44+ effector T-cells (data not 

shown). Th2 and Th17 cells numbers were increased in the lungs of mice previously 

exposed to both HDM and DEP (Fig. 5E). Accordingly, effector/memory T-cells co-

expressing IL13 and IL17A were more numerous in the lungs of mice previously exposed to 

both HDM and DEP compared to mice previously exposed to only HDM (Fig. 5F). Taken 

together, these results demonstrate that the increased accumulation of HDM-specific 

memory cells in the lungs of mice, which had been previously exposed to both HDM and 

DEP versus only HDM, promotes increased HDM recall responses in vivo.

Primary neonatal co-exposure to HDM and DEP promotes increased HDM recall responses

Since exposure to DEP increases severity of allergic asthma in young mice and prenatal 

exposure increases asthma susceptibility24, 26, we next examined the impact of DEP co-

exposure on recall responses in neonatal mice. Three-day old neonatal mice were subjected 

to 9 daily intranasal exposures to either saline, DEP, HDM, or HDM and DEP; then 
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following a 4-week rest period, the mice were challenged twice with HDM (See Fig. E5, A 

in the online repository).

Airway resistance was significantly increased in mice previously exposed to both HDM and 

DEP compared to HDM alone (Fig. E5, B in the online repository). Total BALF cells counts 

were similarly increased following HDM recall exposures in mice previously exposed to 

HDM or HDM and DEP including similar eosinophil BALF levels between the two groups 

despite increased eotaxin-1 BALF levels in the HDM and DEP pre-exposed mice (data not 

shown and Fig. E5, C in the online repository). In accordance with elevated AHR, mice 

previously exposed to HDM and DEP had higher BALF levels of Th2 cytokines (IL4, IL5 

and IL13) (Fig. E5, D in the online repository). IL6 and IL17A BALF levels were also 

significantly increased in mice pre-exposed to HDM and DEP compared to mice with 

primary exposure to HDM alone (Fig. E5, E in the online repository). HDM sensitization in 

neonatal mice appeared weaker than in adult mice and did not demonstrate increased HDM-

specific IgG1 levels in neonates co-exposed to HDM and DEP (Fig. E5, F in the online 

repository). Overall, the results in neonatal mice paralleled our observations in adult mice 

supporting that exposure to DEP promotes asthma development in the context of allergen 

exposure and allergic sensitization.

Exposure to high DEP in infants contributed to sensitization earlier in life

We then hypothesized that if DEP exposure potentiates recall responses to allergen, early 

life DEP exposure may promote the development of allergic asthma in children. To test this 

hypothesis, we used the CCAAPS birth cohort, an existing birth cohort of 762 children, 578 

with known exposure levels to traffic related pollution, notably elemental carbon attributable 

to traffic (ECAT), sensitization to aeroallergens and development of asthma.

First, we examined whether ECAT exposure impacted allergic sensitization. Overall, birth 

ECAT level was not associated with aeroallergen sensitization during the first 4 years of life 

(70% vs 68%, p=0.66). However, when each year was analyzed independently, children 

exposed to high ECAT at birth were more likely to be aeroallergen sensitized at age 2 (47% 

vs 35%, p=0.011) and maintained this high level of sensitization at ages 3 (47%) and 4 

(48%) while the proportion of children sensitized to an aeroallergen and exposed to low 

ECAT increased gradually from age 1 to 4 (18%, 35%, 42%, 51%, respectively, Fig. 6A). 

This suggests that while high ECAT exposure at birth does not contribute to overall higher 

rates of sensitization, it does contribute to sensitization earlier in life.

Exposure to high DEP in infants contributed to significantly higher asthma prevalence at 
age 7

We next examined children co-exposed to aeroallergen and ECAT versus children exposed 

to allergen alone to determine whether co-exposure to high levels of ECAT during the first 

year of life (similar to DEP plus HDM co-exposure in our mouse model) would result in 

increased prevalence of asthma at age 7. First, we specifically examined HDM sensitization 

(proxy for HDM exposure) and ECAT co-exposure (Fig. 6B). Among children sensitized to 

HDM by age 4, co-exposure to high ECAT at birth (defined as the top 25%) doubled the risk 

of asthma development by age 7 compared to those exposed to low ECAT (defined as the 
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lower 75%) (36% versus 18%, p=0.045). HDM sensitization did not significantly increase 

the risk of asthma in children exposed to low levels of DEP (14% vs 18%, p=0.277). To 

assess if our findings with HDM sensitization could be extended to other allergens, we 

included sensitization to any aeroallergen at ages 1 through 4. We found a significant 

increase in asthma prevalence at age 7 (16% vs 29%, p=0.02) in children co-exposed to high 

levels of ECAT at birth compared to children co-exposed to low ECAT (Figure 6C).

In our logistic model adjusted for race, sex and mother’s education level, we observed a 

significant increasing prevalence of asthma moving from low ECAT, SPT- to high ECAT, 

SPT+ (OR 1.4, 95%CI 1.1–1.8, p=0.009). When we restricted this adjusted analysis to just 

those subjects that were SPT+, we still observed a trend of increased asthma prevalence with 

high ECAT exposure (OR 1.5, 95%CI 0.8–2.7, p=0.18) even though the sample size was 

reduced by 31% in this restricted analysis. While early atopy and high birth ECAT exposure 

are independent risk factors for asthma development at age 7 (10 vs 19%, p=0.01 and 14% 

vs 22%, p=0.04, respectively), co-exposure of aeroallergen sensitization at ages 1–4 and 

high ECAT at birth results in almost 3-fold higher risk of asthma compared to those that are 

SPT- (10% vs 27%, p=0.038; Figure 6C). The results were similar when average ECAT 

levels for the first 7 years of life were used and when HDM was excluded from the 

definition of early atopy (data not shown). However, there was no difference in asthma 

prevalence when we evaluated current ECAT exposure level, indicating that high birth 

ECAT is driving this association. Taken together, these findings support that the impact of 

ECAT exposure is not specific to HDM co-exposure, but rather to any environmental 

allergen and suggests that exposure to high levels of ECAT at birth increases susceptibility 

for allergic asthma.

DISCUSSION

In this study, we demonstrate that DEP exposure promotes increased numbers and 

persistence of allergen-specific memory T-cells in murine lungs. These memory T-cells, 

which are poised to produce increased quantities of Th2 cytokines (IL4, IL13) and IL17A 

the prototypical Th17 cytokine, generate a strong and rapid response upon secondary 

exposure to allergen in adult and neonatal mice. In allergen exposed and sensitized children 

in the CCAAPS birth cohort, co-exposure to high ECAT in the first year of life was 

associated with earlier allergen sensitization and increased prevalence of asthma. 

Collectively, these data support that exposure to DEP/ECAT results in early sensitization 

and accumulation of allergen specific Th2/Th17 memory/effector cells in the lungs, thereby 

potentiating secondary allergen recall responses and the development of allergic asthma 

(Fig. 6D).

These effects of DEP/ECAT at different points in the allergic inflammatory cascade act to 

amplify the adverse health effects of DEP/ECAT exposure. Indeed, we have previously 

demonstrated that increased exposure to traffic pollution in the CCAAPS birth cohort 

increases wheezing at age 321. We now report that early life exposure to high DEP/ECAT 

levels is associated with increased prevalence of asthma at age 7 in the context of 

aeroallergen sensitivity. While allergic sensitization is a known risk factor for asthma, it 

alone does not necessarily lead to allergic disease27. After adjusting for sex, race and 
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mother’s education we observed a 50% increasing trend in asthma risk in SPT+ children 

exposed to high ECAT compared to low ECAT, further supporting our results. Taken 

together with the limited impact of DEP exposure on humoral immunity in children and 

neonatal mice, we propose that co-exposure to common aeroallergen (HDM) and traffic 

related ultrafine particulate matter (DEP) early in life potentiate primary and secondary 

effector/memory Th2 and Th17 responses that promote the development of childhood 

asthma (Fig. 6D). We did not observe an increase in allergic sensitization by age 4 among 

high ECAT-exposed children. It is likely that other exposures negate the impact of DEP on 

sensitization as time ensues. However, earlier sensitization indicates that the high DEP/

ECAT-exposed children are likely to have memory effector cells parked in their lungs 

earlier, specifically during the critical 1st year of life during which exposures may be most 

harmful. Indeed, these children had the highest prevalence of asthma suggesting that the 

timing of the exposure and sensitization are critical to the overall outcome of asthma. In this 

study, the most relevant DEP/ECAT exposure was in the first year of life; there was no 

difference in asthma prevalence when current ECAT exposure level was used.

Repeated co-exposure to both HDM and DEP induced a significantly stronger effector Th2 

response, characterized by increased BALF levels of Th2 cytokines and eosinophils, than 

exposure to HDM alone, resulting in increased AHR (Fig. 1). When these mice are no 

longer exposed to HDM, this HDM-specific response is no longer needed and most effector 

T-cells die. Indeed, 8 days after the last exposure, Th2 cytokines are only detectable in 

HDM and DEP co-exposed mice reflecting the time needed to return to baseline for Th2 

effector responses of different amplitude (Fig. 1). It is well established that following the 

contraction phase, memory CD8+ T-cell populations are maintained whereas memory CD4+ 

T-cells slowly decline over time10, 28. The evidence linking a stronger effector T-cell 

response to the formation of a larger memory T-cell pool has been mostly limited to CD8+ 

T-cells17, 29. However, the nature and size of the CD4+ primary response also influences the 

nature and size of the memory CD4+ T-cell pool18, 30. Since HDM and DEP co-exposure 

results in a greater accumulation of CD4+ effector T-cells in the lungs compared to exposure 

to HDM alone, and assuming a similar rate of contraction of the effector pool, it is not 

surprising that the contraction phase would result in higher levels of HDM-specific memory 

T-cells in the lungs. Indeed, a month after the last exposure significantly more Th2 cells 

were present in the lungs resulting in stronger HDM recall responses (Fig. 3). Similar results 

were observed 45 days after the last exposure, thus the observations are not likely to be due 

to a delayed contraction phase (See Fig. E2 in the online repository).

We extended our findings to neonatal mice since early life exposures to DEP have been 

postulated to be most relevant. Similar to our observations in adult mice, AHR and airway 

inflammation (BALF cell counts, Th2 cytokines) were significantly increased in mice co-

exposed to HDM and DEP compared to HDM alone. In a previous report, neonatal exposure 

to nebulized OVA resulted in tolerance (absence of AHR) whereas co-exposure to the air 

pollutant residual oil fly ash (ROFA) a component of ambient particulate matter derived 

from oil-burning power plants, resulted in elevated AHR both during primary challenge and 

following secondary exposure 10 days later35. In contrast, when neonatal mice were 

repeatedly pre-exposed to combustion-derived particulate matter (CDPM) before being co-

exposed to CPDM and HDM, or CPDM and OVA in OT-II mice, tolerance was observed in 
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these young C57Bl/6 mice36. However, when the CPDM and OVA co-exposed OT-II 

neonates were allowed to reach adulthood, a secondary OVA recall response generated AHR 

only in mice previously co-exposed to CPDM and OVA as neonates36. This was associated 

with the accumulation of CD4+ T-cells expressing IL4 or IL17A in the lungs, similar to our 

findings36.

We have previously demonstrated that IL17A contributes to asthma exacerbation and that 

co-exposure to HDM and DEP increases IL17A and IL13 double producing T-cells6. These 

double producing cells have been shown to be more pathogenic than classic Th2 cells and 

exacerbate chronic allergic asthma9. A recent study revealed that asthma patients have a 

higher frequency of dual Th2/Th17 cells in their BALF compared to healthy controls and 

that these cells are more resistant to steroids in vitro37. Additionally, asthmatic with a 

predominant Th2/Th17 phenotype had more severe airway hyperreactivity than Th2 

asthmatics37. In the present study, we demonstrate that HDM and DEP co-exposure results 

in persistent accumulation of memory Th2 cells in the lungs, as well as increased IL17A

+IL13+CD44+CD4+ T-cells. The increased presence of these double producing CD4+ T-

cells 6 weeks after the last HDM and DEP co-exposure taken together with the data 

demonstrating increased HDM-induced IL17A and IL4 secretion in lung cells from 

previously mice exposed to both HDM and DEP, suggest that these double producing 

memory cells may play a significant role in the increased AHR observed following 

secondary HDM challenge (Fig. 4).

In summary, our data demonstrate that DEP and HDM co-exposure result in increased 

accumulation of HDM-specific memory Th2 and Th17 cells in the lungs, potentiating 

secondary recall responses and promoting asthma development. This may contribute to the 

increased prevalence of allergic asthma observed in children with early exposure to high 

levels of traffic related DEP. This raises the possibility for asthma prevention by minimizing 

DEP exposure in young children and or by counteracting the impact of DEP exposure with 

early intervention (perhaps by targeting IL-17A) in high risk sensitized and DEP-exposed 

children.
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AHR airway hyperresponsiveness

BALF bronchoalveolar lavage fluid
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CCAAPS Cincinnati Childhood Allergy and Air Pollution Study

DEP diesel exhaust particle

ECAT estimates of elemental carbon attributable to traffic, proxy for DEP exposure

HDM house dust mite extract

PM particulate matter

SPT Skin prick test

TRAP traffic-related air pollution
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Key Messages

• DEP persists in murine lungs months after exposure and is associated with 

elevated BALF IL17A levels and chronic pulmonary neutrophilia.

• DEP exposure exacerbates HDM-induced allergic airway responses in neonatal 

and adult mice, resulting in increased effector/memory T-cell accumulation in 

the lungs and potentiating HDM-recall responses in vitro and in vivo.

• Exposure to high DEP in early life and co-exposure to aeroallergen sensitization 

by age 4 promotes the development of allergic asthma at age 7.

• Exposure to DEP at birth is associated with earlier sensitization in young 

children.
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Figure 1. DEP exacerbation of HDM-induced airway Th2 responses returns to baseline within a 
month
(A) Protocol: Balb/c mice were exposed intra-tracheally (i.t) to 50μl of saline (S), DEP (D; 

150μg) and/or HDM (H; 10μg) three times a week times over a 3-week period. Mice were 

sacrificed 1, 8 and 30 days after the last exposure and (B) total BALF cell levels as well as 

(C) BALF neutrophil and (D) eosinophil counts were assessed (3 separate experiments with 

a total of n=11–16 mice/group (day 1), n=7–12 mice/group (day 8), n=5–8 mice/groups (day 

30)). BALF levels of (E) IL4 and (F) IL13 were assessed by multiplex and IL13/IL13Rα2 

ELISA respectively. (G) Airway resistance to methacholine challenges was assessed by 

FlexiVent (***p < 0.001, **p< 0.01, *p<0.05; 1-way ANOVA with Bonferroni’s multiple 

comparison test; n.s.= not significant). (H) Representative photomicrographs of CLCA3-

stained lung sections (scale: 100μm).
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Figure 2. Persistent increase in lung effector/memory T-cells following HDM+DEP exposures
Characterization of lung T-cells 1, 8 and 30 days following the last exposure to saline (S), 

DEP(D), HDM(H) or HDM+DEP(DH) by FACS. (A) Total lung cells. (B) 

CD4+CD44+CD62L- T-cells and (C) CD69 expression by effector/memory T-cells (2 

separate experiments with 2–8 mice/group; ***p<0.001, **p<0.01, *p<0.05; 1-way 

ANOVA with Bonferroni’s multiple comparison test).
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Figure 3. Increased presence of memory Th2 and Th17 cells in the lungs one month after 
coexposures to HDM and DEP
(A) Th1, Th2 and Th17 lungs cells were identified by FACS as CD4+ T-cells expressing 

respectively IFNγ, IL13, and IL17A, respectively, following ex vivo stimulation with PMA/

ionomycin for 4h. (B) Percentage of IL13+IL17+ double producers among CD4+CD44+ T-

cells and (C) IL7 receptor mean fluorescence intensity (CD127 MFI) on naïve and 

CD4+CD44+ T-cells. (C) IL4 and IL17A were detected by ELISA in supernatant of lung 

cells stimulated with HDM (30μg/ml) for 5 days (n=4–8 mice/group; ***p<0.001, *p<0.05, 

1-way ANOVA with Bonferroni’s multiple comparison test; p value calculated by T-test; 

n.s. = not significant).
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Figure 4. Primary exposure to HDM and DEP potentiates secondary HDM-specific responses in 
vivo
(A) Protocol: A single i.t. challenge with either saline or 10μg of HDM was performed 7 

weeks after the last exposure to either saline, DEP, HDM or HDM+DEP. (B) AHR was 

assessed 40h after HDM recall challenge (2-way ANOVA). (C) HDM-specific IgG1 and 

IgE levels 7 weeks after primary exposure. (D) Total BALF cells, (E) total BALF neutrophil 

and (F) eosinophil counts (n=4–10 mice/group; ***p < 0.001, **p< 0.01, *p<0.05; 1-way 

ANOVA with Bonferroni’s multiple comparison test; n.s. = not significant).
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Figure 5. Increased presence of HDM-specific memory cells 7 weeks after coexposures to HDM+ 
DEP results in increased Th2/Th17 responses upon secondary HDM challenge
BALF levels of (A) Eotaxin-1, (B) Th2 cytokines (IL4, IL5 and IL13), (C) Th1 cytokine 

IFNγ and (D) Th17 related cytokines IL6 (n=8–10 mice/group). (E) Th2 and Th17 lungs 

cells were identified by FACS as CD4+ CD44+ T-cells expressing respectively IL13, and 

IL17A following ex vivo stimulation with PMA/ionomycin for 4h. (F) Percentage of 

IL13+IL17+ double producing CD4+CD44+ T-cells. (n=4–6 mice/group; ***p < 0.001, **p< 

0.01, *p<0.05; 1way ANOVA with Bonferroni’s multiple comparison test).
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Figure 6. Exposure to high birth ECAT contributed to significantly higher asthma prevalence at 
age 7
(A) Children exposed to high ECAT levels are more likely to be sensitized to an 

aeroallergen at age 2 compared to low ECAT exposed children (35% vs 47%, # p=0.011). 

Children exposed to high ECAT (top quartile) that were (B) sensitized to HDM or (C) SPT+ 

to any of the 15 aeroallergens tested in the first 4 years of life were significantly more likely 

to develop asthma by age 7 (p=0.045, p=0.022, respectively). All p-values were calculated 

from chi-squared tests using SAS; numbers of asthmatics / total cases in each group are 

presented above asthma prevalence bars. (D) Proposed model.
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