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ABSTRACT The innate immune response is impaired in asthma, with increased epithelial release of
C-X-C motif chemokine ligand (CXCL)8, interleukin (IL)-33 and thymic stromal lymphopoietin (TSLP).
We hypothesised that dendritic cells might modulate the hyperresponsive epithelium in severe asthma.

For this purpose, we investigated epithelial–dendritic crosstalk in normal and diseased conditions, and
because ultrafine particulate matter may affect asthmatic airways, we investigated its impact on this crosstalk.
Air–liquid interface cultures of human bronchial epithelial cells (HBEC) of control subjects (cHBEC) or
severe asthma patients (saHBEC) were co-cultured with monocyte-derived dendritic cells (moDC).

Increased release of CXCL8, TSLP and IL-33 from saHBEC contrasted with cHBEC producing CXCL10
and CCL2. Regarding moDC activation, saHBEC co-cultures induced only upregulation of CD86
expression, while cHBEC yielded full moDC maturation with HLA-DR, CD80, CD86 and CD40
upregulation. Particulate matter stimulation of HBEC had no effect on cHBEC but stimulated CXCL8 and
IL-33 release in saHBEC. Particulate matter impaired epithelium signalling (TSLP, IL-33 and CXCL8) in
saHBEC co-cultures despite C-C chemokine ligand 2 induction.

Crosstalk between HBEC and moDC can be established in vitro, driving a T1-type response with
cHBEC and a T2-type response with saHBEC. Normal or asthmatic status of HBEC differentially shapes
the epithelial–dendritic responses. We conclude that control moDC cannot rescue the hyperresponsive
airway epithelium of severe asthmatics.
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Introduction
The paradigm of asthma immunopathogenesis relies on both innate and adaptive immune responses. Our
current view places the epithelium as the main orchestrator of the immune response. Indeed, the airway
epithelium provides physical and chemical protection against deleterious environmental agents in
cooperation with the adjacent network of immune cells [1, 2], eliciting innate pathways through
interleukin (IL)-25, IL-33 and thymic stromal lymphopoietin (TSLP) release, potentially amplified by
specific antigen stimulation [3]. Dendritic cells, neutrophils and type 2 innate lymphoid cells (ILC2) have
been shown to be targets for all these cytokines [4–7]. Moreover, evidence of neutrophil participation in
the severe form of the disease supports consideration of C-X-C motif chemokine ligand (CXCL)8 as
another significant severe asthma partner [8, 9].

The bronchial epithelium and sentinel dendritic cells are at the front line against inhaled agents. Together,
they must detect potentially noxious agents, and “decide” on whether to mount and orient an immune
response [10–13]. In asthma, disruption of the airway epithelium integrity, the local inflammatory milieu
and increased influx of activated immune cells pave the way for acute exacerbations and persistence of
poor therapeutic control [14, 15]. Moreover, cytokines associated with asthma exacerbations, as well as
IL-4, IL-13 and type 1 interferon (IFN), have been shown to act on bone marrow release of C-C
chemokine receptor (CCR)2+ precursors of lung myeloid cells, including dendritic cells, leading to
alternative activation and T2 polarised immunity [16, 17]. Interestingly, airway epithelial cells may play a
role, in some instances, as antigen-presenting cells (APC) during the development of airway inflammatory
and immune responses, notably via programmed death ligand (PD-L)1 (B7H1) and PD-L2 (B7DC)
expression [18]. These two proteins are ligands of the T-lymphocyte receptor, and have been shown to
take part in the pathogenesis of asthma, allergy and autoimmune diseases [19].

Both initiation and exacerbation of allergic asthma have been related to air pollution levels [20, 21], and
environmental factors such as ambient particulate matter might impact the epithelial–immune cell
crosstalk. Particles <10 μm in diameter enter the lower airways, affect local homeostasis and may elicit
immune responses. Dendritic cells play a crucial role in sampling airway particles and locally initiating
either immune response or tolerance [1, 12, 22]. Particulate matter trafficking across the airway epithelium
may result in airway dendritic cell maturation through a mandatory epithelial activation step [23, 24]. In
asthma, pulmonary dendritic cells perform antigen presentation locally, thus playing a major role during
outbreaks of local inflammation [12]. Dendritic cell maturation requires TSLP receptor activation.
However, most of these data are derived from mouse models of asthma, mostly using ovalbumin and viral
stimulations. Little is known about impaired epithelium–dendritic cell crosstalk in humans and even less
in severe asthma patients.

In this study, the complex interplay of airway epithelial and immune cells was modelled by means of a
co-culture system, which allowed the study of intercellular communication and close monitoring of cell
responses to particulate matter exposure in severe asthma patients. For this purpose, we co-cultured
monocyte-derived dendritic cells (moDC) with fully differentiated airway epithelium of control or severe
asthma patients cultured at an air–liquid interface (ALI) [25]. We show that bronchial epithelia derived
from severe asthmatics and control subjects drive distinct chemokine and moDC phenotype profiles, and
that particulate matter exposure further modulates these distinct responses. In addition, these results
suggest that our human co-culture model may be of particular interest for further studies on
asthma-related abnormalities of the epithelial–dendritic unit and the impact of inhaled compounds.

Materials and methods
Additional details are provided in the supplementary material.

Study subjects
Asthmatic patients (n=15) and control subjects (n=6) were recruited for endobronchial biopsies at the
Pulmonology Department, Assistance Publique Hôpitaux de Marseille, Marseille, France. The study
protocol was approved by the local ethics committee and was part of the Bronchial Obstruction and
Asthma Cohort (COBRA (Cohorte Obstruction Bronchique et Asthme)) sponsored by the French
National Institute of Health and Medical Research (IDRGB 2008-A00284-51, Afssaps 2008-0113). All
subjects were informed about the nature and purpose of the study, and provided written consent before
enrolment. Demographic characteristics are reported in table 1.

Peripheral blood monocytes were obtained from 13 control volunteers and eight severe asthmatics, who
were sex and age matched with the bronchial biopsy patients. This study protocol was approved by the
local ethic committee and was part of a clinical trial registered at www.clinicaltrials.gov with identifier
number NCT00793676. Demographic characteristics of these subjects are reported in table 2.
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Human bronchial epithelial cell primary culture in ALI
Control or severe asthmatic human bronchial epithelial cells (cHBEC and saHBEC, respectively) were
obtained from bronchial biopsy and cultured under ALI conditions as previously described [25].

Monocyte-derived dendritic cells
moDC were generated through in vitro differentiation of peripheral blood monocytes as previously
described [26].

Particulate matter
The particulate matter consisted of endotoxin-free jet exhaust collected during experimental take-off/
landing cycles on an aero-engine bench as previously described [22].

Co-culture of bronchial epithelial cells and dendritic cells
On the sixth day, moDC were harvested, counted, centrifuged and resuspended in HBEC medium. cHBEC
were co-cultured with control moDC and saHBEC were co-cultured with control or severe asthmatic
moDC. The experimental design is illustrated in figure S1.

Immunoassays for epithelial and dendritic cells markers
Cytokines and chemokines measurement in basal supernatants
Levels of CCL2, CXCL10 and CXCL8 were measured with Cytometric Bead Array Flex Sets (Becton
Dickinson, Le Pont de Claix, France) following the manufacturer’s instructions. Levels of TSLP, IL-33 and
IL25 were measured by ELISA (R&D Systems, Lille, France).

moDC phenotype
After co-culture experiment, moDC were stained with specific antibodies directed against plasma membrane
molecules involved in antigen presentation and costimulatory signal delivery (i.e. HLA-DR, CD40, CD80 and
CD86 or control isotype-matched antibodies (Beckman Coulter, Villepinte, France)) for 30 min in the dark at
room temperature (18–25°C). Then, moDC were rinsed, resuspended in PBS containing 1% formaldehyde
and analysed with an Epics XL (Beckman Coulter) flow cytometer. Data are presented as the median
fluorescence intensity of the whole moDC population after isotype control subtraction.

TABLE 2 Patients characteristics (blood samples)

Controls Severe asthmatics p-value

Subjects n 13 8
Age years 35 (26–60) 49 (30–63) NS

Females 58% 55% NS

Data are presented as median (range) unless otherwise stated. NS: nonsignificant.

TABLE 1 Patients characteristics (endobronchial biopsies)

Controls Severe asthmatics p-value

Subjects n 6 15
Age years 40 (26–64) 65 (33–81) NS

Females 50% 70% NS

Asthma control NA 22% NA
Exacerbations in the last year NA 2.5 (0–12) NA
Best FEV1 % predicted 100 (98–105) 82.5 (64–100) 0.004
Blood eosinophils per mm3 160 (130–220) 100 (40–600) NS

Atopy# 0% 50% 0.04
Sinusitis 0% 70% 0.006
GORD 0% 60% 0.016
At least one comorbid condition¶ 16.7% 66.7% NS

Long-term OCS 0% 70% 0.006

Data are presented as median (range) unless otherwise stated. FEV1: forced expiratory volume in 1 s;
GORD: gastro-oesophageal reflux disease; OCS: oral corticosteroids; NA: not applicable; NS: nonsignificant.
#: based on positive skin test; ¶: systemic hypertension, osteoporosis, sleep apnoea syndrome or obesity.
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Real-time quantitative PCR analysis
Total RNA was purified from epithelial cells (RNeasy; Qiagen, Valencia, CA, USA) and cDNA was
synthesised (Ready-to-Go RT-PCR beads; Amersham, Piscataway, NJ, USA). Human IL-25, PD-L1 and
PD-L2 gene expression was determined by real-time quantitative PCR (LightCycler480; Roche, Basel,
Switzerland) using SybrGreen, specific primers (Eurofins MWG Operon, Ebersberg, Germany) and 18S
rRNA as internal control.

Results
Effect of HBEC–moDC co-culture on HBEC mediator release and moDC phenotype
Control- and asthmatic-derived HBEC established confluent layers with a mucociliary phenotype, as
previously described [25], with positive staining for mucin 5AC, β-tubulin IV and zonula occludens-1
(figure S2A and B). Co-culture of HBEC with moDC did not alter viability (>98% by trypan blue
exclusion) of either cell type after 24 h. We ruled out the persistence of lymphocytes, and notably T-cells,
in the moDC population through CD3 and CD19 staining (figure S2).

No cytokine or chemokine secretion was detectable in the supernatant from moDC in the absence of
HBEC co-culture except for CCL2 (figure 1a–e).

CXCL10 and CCL2 production was significantly upregulated in cHBEC co-cultured with control moDC
(n=6) compared to HBEC alone. Conversely, CXCL8, TSLP and IL-33 production was significantly
upregulated in saHBEC co-cultured with control (n=7) or asthmatic (n=8) moDC compared to baseline
(figure 1a–e and table S1). IL-25 secretion was undetectable. However, IL-25 mRNA expression was
investigated and no difference was found (figure 1f).

Co-culture with moDC resulted in increased PD-L1 mRNA levels exclusively in saHBEC while PD-L2
mRNA increased in both cHBEC and saHBEC (figure 1g and h).

Expression of CD11c and CD83 was not altered by co-culture with either type of epithelium (figure 2a
and b, respectively). However, the expression of HLA-DR, CD40, CD80 and CD86 was upregulated in
control moDC co-cultured with cHBEC (figure 2c–f ). Isolated upregulation of CD86 was found in control
and asthmatic moDC co-cultured with saHBEC (figure 2f).

The variation rate between the different clinical groups was compared for each studied marker (table S1).
Only CD80 modulation was significantly different between the control moDC/cHBEC and both the
control moDC/saHBEC and severe asthma moDC/saHBEC groups.

Effect of particulate matter on HBEC mediator release
Particulate matter examined by transmission electron microscopy (TEM) consisted of spherical primary
particles with a mean diameter of 10 nm that formed small aggregates (figure 3a). Particulate matter laid
on top of the HBEC layer was internalised by epithelial cells after 30 min to 2 h (figure 3b and c) and was
found in HBEC cytoplasm at 24 h (figure 3d).

Basolateral production of CXCL8, CXCL10, CCL2, TSLP, IL-33 and IL-25 was measured in cHBEC (n=6)
and saHBEC (n=15) cultures at baseline and in the presence of particulate matter. Particulate matter
addition did not alter cHBEC responses compared to baseline levels but it resulted in increased CXCL8
and IL-33 release in saHBEC (figure 3e–i). As previously, IL-25 secretion was undetectable; therefore, we
investigated IL-25 mRNA expression and we found a particulate matter-induced decrease in cHBEC
(figure 3j). This variation was significantly different compared to saHBEC group (table S2). Transcripts of
the costimulatory molecules PD-L1 and PD-L2 were detectable at low and similar levels in cHBEC and
saHBEC, and particulate matter addition for 24 h on the apical surface of HBEC did not induce any
changes (figure 3k).

Effect of particulate matter on HBEC–moDC co-culture
Particulate matter exposure of cHBEC co-cultured with moDC (n=6) did not modify HBEC responses or
moDC plasma membrane expression of molecules of interest previously described in this co-culture
system. Particulate matter exposure of saHBEC co-cultured with control moDC (n=7) induced an
additional increase in basolateral production of CCL2, which was not found in saHBEC co-cultured with
severe moDC. However, no further changes in moDC plasma membrane expression were found (figure 4
and table S3).

Effect of conditioned moDC on lymphocytes
IL-2, IL-4 and IL-6 were found to be increased, while IFNγ and IL-10 were decreased in co-culture of
saHBEC-conditioned moDC with lymphocytes compared to cHBEC-conditioned moDC/lymphocytes (figure 5).
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Discussion
Taking advantage of the reconstituted human ALI epithelium model [25], we set out to investigate further the
epithelial–dendritic cell crosstalk in patients with severe asthma. Because ultrafine particulate matter may affect
asthmatic airways, we questioned its impact on this crosstalk. First, we showed that epithelial–dendritic cell
co-cultures upregulated the production of TSLP, IL-33 and CXCL8, epithelial PD-L1 and PD-L2 transcription,
and moDC CD86 upregulation when epithelium was derived from severe asthmatic patients and irrespective of
the origin of moDC. Moreover, particulate matter exposure of epithelia alone resulted in elevated CXCL8 and
IL-33 production from asthmatic-derived epithelia, while leaving unchanged those derived from
nonasthmatics, except for a decrease on IL-25 mRNA expression. This finding contrasted with responses of
HBEC–moDC co-cultures whose HBEC originated from control donors, where upregulation of CCL2 and
CXCL10 secretion, selective PD-L2 mRNA increase in HBEC, and a broader range of moDC presentation and
costimulatory molecule upregulation (MHC class II, CD40, CD80 and CD86) were observed. By contrast, in
severe asthmatics, addition of PM failed to modify previous responses on HBEC-moDC crosstalk, except for a
CCL2 increase. Taken together, our results lend support to the role of HBEC as key orchestrators of the airway
interface responses. Asthmatic or nonasthmatic status impacts on the HBEC–dendritic cell functional unit
interaction with airborne (particular matter) and/or tissue (dendritic cell) players.

The majority of published studies use cell lines cultured in submersion for the study of the interaction
with other cell types or the effect of particulate matter [27–30]. The most important strength of our study
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FIGURE 1 Effect of human bronchial epithelial cell (HBEC)–monocyte-derived dendritic cell (moDC) co-culture on chemokine/cytokine secretion
and costimulatory molecule mRNA expression. HBECs from control subjects (C) or severe asthmatic patients (SA) were incubated for 24 h with
moDC placed in the basolateral compartment. Levels of a) C-X-C motif chemokine ligand (CXCL)8, b) thymic stromal lymphopoietin (TSLP),
c) interleukin (IL)-33, d) CXCL10 and e) C-C chemokine ligand (CCL)2 were measured in basolateral samples from air–liquid interface cultures.
Semiquantitative analysis of f ) IL-25, g) programmed death ligand (PD-L)1 and h) PD-L2 mRNA expression with 18S rRNA as a reporter gene.
Horizontal lines represent the median, boxes represent the interquartile range and whiskers represent the range. *: p<0.05, Wilcoxon test.
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is the exclusive use of human primary cells obtained from patients, the ALI culture model allowing
reconstitution of a completely differentiated epithelium, retaining the donor’s epithelial secretory features
[25], and human moDC. Blood monocytes and immature dendritic cells are recruited to the lung,
predominantly under proinflammatory conditions but also for the steady-state turnover of pulmonary
dendritic cells [1, 16, 31]. In vitro-derived moDC are phenotypically and functionally related to
conventional (myeloid) dendritic cell found in inflamed airways [31–33].

Chemokine and cytokine patterns of secretion are of paramount importance for the HBEC–dendritic cell
crosstalk, and are finely tuned by environmental and intrinsic properties of both the epithelium and
immune cells. We showed in this study that saHBEC were more prone to alter their cytokine and
chemokine pattern in the presence of particulate matter, with changes consisting of increased CXCL8 and
IL-33. Involvement of CXCL8 in chronic respiratory diseases is well described and increased CXCL8
expression in the epithelium and subepithelium of the airway wall correlates with a decrease in lung
function [34]. Excess airway CXCL8 may preclude normal epithelial responses to bacterial pathogens,
through desensitisation of epithelial recognition under conditions of chronically elevated CXCL8 [35].
IL-33, a ligand of the ST2 receptor, differs from other IL-1 family members by its ability to promote
Th2-type responses [36, 37]. Epithelial cells, which express both IL-33 and its receptor ST2, respond to
IL-33 with CXCL8 upregulation [38]. Moreover, others cells, such as CD4+ T-lymphocytes or ILC2, also
express ST2 and respond to IL-33, providing a direct link with adaptive immunity. A genome-wide
association study identified the IL-33/ST2 axis as a potential key player in asthma, and a critical T2 driver
through ILC2 recruitment and activation, irrespective of an allergen-specific stimulation. Our results
suggest the persistence of this activated pathway in asthma at steady state and after particulate matter
stimulation despite the presence of control or asthmatic moDC.

Moreover, we demonstrated that the co-culture of cHBEC with control moDC led to increased CCL2 and
CXCL10 production. CCL2 released by HBEC is a strong chemoattractant of monocytes via its receptor
CCR2 [39]. It acts on activated T-cells, natural killer cells and basophils [40, 41] similarly to CXCL10.
CCL2 and CXCL10 are considered to be part of the Th1-type responses, including those elicited by
respiratory viruses [16, 42]. In contrast, in saHBEC–moDC coculture, an increase in CXCL8 and IL-33, as
well as TSLP secretion, was observed. TSLP is a member of the hematopoietic cytokine family acting on
dendritic cells, monocytes and T-cells [43]. TSLP expression is enhanced in asthmatic patients’ airways
and correlates with symptom scores [44]. TSLP acts on immature conventional dendritic cells, orienting
them towards a pro-inflammatory T2 response [45]. CXCL8 has been shown to decrease the ability of
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FIGURE 2 Monocyte-derived dendritic cell (moDC) phenotype after co-culture with human bronchial epithelial cells (HBEC). moDC from control or
asthmatic subjects were incubated with HBEC from control (C) or severe asthmatic patients (SA) for 24 h. Surface expression of a) CD11c,
b) CD83, c) HLA-DR, d) CD40, e) CD80 and f) CD86 was measured by flow cytometry. Data are presented as the median fluorescence intensity
(MFI) of the whole dendritic cell population after isotype control subtraction. Horizontal lines represent the median, boxes represent the
interquartile range and whiskers represent the range. *: p<0.05, Wilcoxon test.
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FIGURE 3 Effect of particulate matter (PM) addition on chemokine/cytokine secretion and costimulatory molecule mRNA expression.
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dendritic cells to prime naïve T-cells and this effect was associated with incomplete upregulation of
dendritic cells costimulatory molecules [46].

Interestingly, in some instances, airway epithelial cells can behave as APC during the development of
airway inflammatory and immune responses, notably via PD-L1 and PD-L2 expression [18]. These
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FIGURE 4 Effect of particulate matter (PM) addition on human bronchial epithelial cell (HBEC)–monocyte-derived dendritic cell (moDC) co-culture
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molecules play grossly opposite roles [47], with PD-L1 engagement favouring the development of airway
hyperreactivity and T2-type responses, while PD-L2 initiates T1-type responses and plays a protective role.
Simultaneous expression of PD-L1 and PD-L2 neutralises their respective effects and does not lead to
immediate polarisation of T-cells [19]. In our hands, moDC co-culture was associated with a simultaneous
increase of PD-L1 and PD-L2 expression in saHBEC while PD-L2 alone increased in cHBEC. Taken
together, these results suggest that the HBEC–dendritic cell functional unit promotes a defensive T1-type
response in nonasthmatics, but displays an inappropriate mixed response in asthmatics, thus underscoring
the importance of the epithelial status in further immune decision making.

moDC–HBEC co-cultures exposed to particulate matter showed no further modification with cHBEC, but
displayed an increased CCL2 production with saHBEC. The lack of further CXCL10 or CCL2 upregulation
in cHBEC–moDC co-cultures following particulate matter addition suggests a potent pro-T1 signal by
itself. In contrast, CCL2 upregulation in saHBEC–moDC co-cultures suggests a monocyte chemotactic
effect, and a self-sustaining recruitment and activation of inflammatory dendritic cell precursors.

Phenotypic modulation of dendritic cells is in line with the view of HBEC as instructors of dendritic cells
towards a T1 polarising response through concomitant HLA-DR, CD40 and CD80 upregulation, and
selective attenuation of allergen-induced IL-13, IL-5 and IL-9 [32, 48]. cHBEC induced upregulation of
HLA-DR, CD40, CD80 and CD86 expression on moDC, while saHBEC resulted in isolated upregulation of
CD86. Thus, differential phenotypical modulation of dendritic cells was induced by asthmatic-versus
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nonasthmatic-derived epithelia; basically, dendritic cells exhibited signals suggesting incomplete maturation
and antigen processing and presentation in asthma, despite active crosstalk illustrated by CCL2 expression.

In our study, HBEC and dendritic cells were derived from distinct donors, and this heterologous
interaction may have impacted the functional responses of both cell types. We therefore checked the
behaviour of autologous co-cultures and found that even though differences in the cytokine secretion
levels existed between heterologous and autologous cultures, the trend of variation was the same (figures
S3 and S4, and tables S4 and S5). The need for contact between HBEC and dendritic cells, notably
through hypothetical dendritic cell digitations acting as sentinels within the epithelium, could not be
addressed in our model because the insert pore diameter is 0.4 µm. Therefore, our study highlights that
soluble mediators by themselves are able to induce a differential pattern of responses in asthmatics
compared to healthy subjects, pointing out that contact is not always indispensable. Probably both direct
and indirect interactions via soluble mediators are necessary to induce a complete response. In our model,
we supposed that particulate matter may nonetheless have crossed the epithelium, either passively or
actively. We also aimed to check if particulate matter were present in basolateral medium using TEM but
culture medium-induced artefacts hampered the microscopic examination.

The route, dose and duration of corticosteroid treatment may affect epithelial behaviour, notably by a dual
regulation of asthma-associated chemokines as mentioned by FUKAKUSA et al. [49]. However, using the ALI
culture system, differentiated HBEC were used not earlier than 8 weeks after their last exposure to
corticosteroids. While we did not directly assess the effect of corticosteroids in this study, characteristics of
HBEC are considered as intrinsic and not due to their possible previous exposure to corticosteroids.

Our data support the view that nonasthmatic epithelium encourages effective T1-polarised responses,
which are impaired in asthma due to epithelial and epithelium-induced abnormalities. To back this view,
we performed some experiments (n=3) of co-culture with HBEC-conditioned dendritic cells and
lymphocytes. Cytokine secretion profiles of saHBEC-conditioned dendritic cells/lymphocytes showed a
significant trend to differ with an increase of the T2-related response, i.e. IL-4 and IL-6, and a decrease of
Th1-related response, i.e. IFNγ. Moreover, we showed a T-regulatory related response downregulation
(IL-10 decrease) and self-sustained T-helper generation (IL2 increase).

In conclusion, we showed that crosstalk between human reconstituted bronchial epithelium and human
moDC leads to a T1-polarised response in saHBEC, switching to a T2-type response in asthmatics, thus
showing that epithelial phenotype alters dendritic cell responses. We present here a human co-culture
model of the epithelial–dendritic unit of the bronchus that allows further dissection of the asthmatic versus
nonasthmatic epithelial responses.
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