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Abstract

Exposure to urban particulate matter (UPM) exacerbates asthmatic
lung inflammation. Lung dendritic cells (DCs) are critical for
stimulating T cell immunity and in maintaining airway tolerance,
but they also react to airway UPM. The adjuvant role of UPM in
enhancing primary immune responses by naive cells to allergen has
been reported, but the direct effects of UPM-activated DCs on the
functionality of human memory CD4 T cells (Tms), which
constitute the majority of T cells in the lung, has not been
investigated. Blood CD1c1 DCs were purified and activated with
UPM in the presence or absence of house dustmite or tetanus toxoid
control antigen. 5-(and -6)-Carboxyfluorescein diacetate
succinimidyl ester–labeled blood Tms were cocultured with
autologous DCs, T cell proliferation and effector function were
assessed using flow cytometry, and secreted cytokines

were measured by combined bead array. UPM-DCs elicited IFN-g
and IL-13 secretion and induced proliferation in Tms isolated from
both allergic patients with asthma and healthy control subjects,
whereas only IL-13 was produced by Tms from patients with atopic
asthma stimulated by house dust mite–loaded DCs. UPM-DCs
drove the expansion and differentiation of a mixed population of
Th1, Th2, and Th17 cell effectors through a mechanism that was
dependent on major histocompatibility class II but not on
cytokine-driven expansion. The data suggest that UPMnot only has
adjuvant properties but is also a source of antigen that stimulates the
generation of Th2, Th1, and Th17 effector phenotypes, which have
been implicated in both exacerbations of asthma and
chronic inflammatory diseases.
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Asthma is a chronic inflammatory lung
disease, which now affects 1 in 12 of the
UK population (1). Accumulating
epidemiological evidence suggests that
environmental factors, particularly the
particulate matter (PM) fraction of air
pollution, and especially that derived from

diesel exhaust particles (DEPs), have
a substantial role in contributing to
increased asthma rates and in triggering
asthma exacerbation (2–4). Recent
research has found associations between
exposure to PM and severe asthma (5);
such patients suffer considerable

morbidity, and there is an unmet need
for new therapies. Furthermore, exposure
to PM is linked with increased risk of
chronic obstructive pulmonary disease
hospitalization and mortality (6) and
suppressed immunity to mycobacterial
infections (7).

(Received in original form March 14, 2015; accepted in final form July 14, 2015 )

This work was supported by funding from the Him Lee Fund, the Lee Iu Cheung Fund, the Santander Foundation (T.H.L.) and the Wellcome Trust (P.E.P.). The
authors acknowledge support from the Department of Health via the National Institute for Health Research Comprehensive Biomedical Research Centre
award to Guy’s and St. Thomas’ National Health Service (NHS) Foundation Trust in partnership with King’s College London and King’s College Hospital NHS
Foundation Trust.

Disclaimer: The views expressed are those of the authors and not necessarily those of the National Health Service, the National Institute for Health Research, or
the Department of Health.

Author Contributions: Concept and design—N.C.M., F.J.K., C.M.H., and T.H.L.; analysis and interpretation—N.C.M., P.E.P., E.H.M., C.J.C., and C.M.H.;
drafting the manuscript for important intellectual content—N.C.M., P.E.P., E.H.M., C.J.C., C.M.H., and T.H.L.

Correspondence and requests for reprints should be addressed to Nick C. Matthews, Ph.D., Photopheresis Research Unit, Rotherham General Hospital,
Moorgate, Rotherham S60 2UD, UK. E-mail: nick.matthews@rothgen.nhs.uk

This article has an online supplement, which is accessible from this issue’s table of contents at www.atsjournals.org

Am J Respir Cell Mol Biol Vol 54, Iss 2, pp 250–262, Feb 2016

Copyright © 2016 by the American Thoracic Society

Originally Published in Press as DOI: 10.1165/rcmb.2015-0084OC on July 21, 2015

Internet address: www.atsjournals.org

250 American Journal of Respiratory Cell and Molecular Biology Volume 54 Number 2 | February 2016

mailto:nick.matthews@rothgen.nhs.uk
http://www.atsjournals.org
http://dx.doi.org/10.1165/rcmb.2015-0084OC
http://www.atsjournals.org


The typical exhaust particulate, which
makes up a large part of urban air pollution,
consists of a carbonaceous core coated in
metals, sulfates, and polyaromatic
hydrocarbons (8) In addition, such
particulates have the potential to bind
allergens and adsorb LPS (9). In vivo
studies have shown that inhaled PM
stimulates innate immune responses by
a protective layer of specialized airway
epithelial cells (AECs). Located between
and below this barrier are subsets of
dendritic cells (DCs), which select and
sequester particulates and pathogens, and
are the most potent antigen presenting cells
(APCs) in the immune system, being the
only APCs capable of eliciting a primary
response from naive T cells to neoantigen
(10). These are recruited to the lung from
the peripheral blood in response to stimuli,
including allergen and PM (11, 12).

In vivo, exposure to pure DEPs, which
constitute a large proportion of the organic
mass of urban PM (UPM), induces
maturation of mouse myeloid lung DCs,
which express costimulatory molecules,
migrate to mediastinal lymph nodes, and
stimulate antigen-specific CD4 T cells to
secrete proinflammatory cytokines (12).
DEPs adsorb LPS and, in a mouse model of
asthma, intranasal administration of
allergen and low-dose LPS led to
predominantly neutrophilic IL-
17–mediated lung inflammation (13).
Inhalation of DEPs by rats sensitized to
allergen induces a mixed lung infiltrate
dominated by neutrophils (14).
Importantly, allergen-sensitized mice
exposed to ambient PM instead of pure
DEPs have exacerbated allergic airway

inflammation characterized by both IL-17
and type 2 cytokines and a mixed
eosinophilic and neutrophilic lung
inflammation (15). However, PM alone in
the absence of allergen sensitization can
induce Th2 and Th17 effectors, which
are essential for inducing airway
hyperresponsiveness (16). Recently,
a subset of Th17-secreting Th2 cells has
been reported, with elevated frequency in
patients with moderate/severe asthma (17),
and has been implicated in more severe
forms of neutrophilic asthma (18).

In vitro, DEP-treated human DCs have
been reported to induce a Th1 cytokine
profile by alloantigen-responder CD4 T cells,
which become more Th0/2 when DCs are
cocultured with DEP-treated bronchial
epithelial cells through a mechanism
involving thymic stromal lymphopoietin (19,
20). These DEP-induced Th0/2 effectors were
proposed as the mechanism through which
DEPs could promote asthma with the
primary effect of DEPs being indirect through
activation by DEP-induced epithelial-derived
cytokines acting on stimulator DCs. However,
histological examination of mediastinal
lymph node tissue from animals that had
undergone intratracheal instillation of DEPs
clearly showed DEP-loaded DCs (12). These
observations suggest that DEPs may also have
a direct effect on lung DCs and on
subsequent T cell priming, but no in vitro
model with human cells has managed to
recapitulate the Th2 and Th17 effector
expansion seen in animal models of PM-
induced asthma or in patients with severe
asthma.

The studies reported here investigate
how human DCs, and subsequent T cell
priming, are affected by exposure to UPM
using National Institute of Standards and
Technology SRM 1648a, a standard
reference material composed of real-world
particulate air pollutants. We previously
established that UPM directly matures
human CD1c1 myeloid DCs, which are the
precursors of DCs that populate the lung
mucosa and submucosa, and enhance the
maturation induced by granulocyte/
macrophage colony–stimulating factor
(GM-CSF), a product of UPM-stimulated
AECs, that is essential for lung myeloid DC
survival and differentiation (21, 22). We
found that UPM-activated DCs are capable
of priming alloantigen-specific human
naive CD4 T cell proliferation, but suppress
the capacity of newly primed cells to
produce Th1 and Th2 cytokines (23).

We reasoned that, if UPM-activated
DCs could affect naive CD4 T cell priming
in the lymph node, then they might also
have access to antigen-specific central
memory T cells (Tcms), which have similar
patterns of cell trafficking. Furthermore,
UPM-activated DCs might affect the
activation of effector memory CD4 T cells
(Tems) in lung tissue (24). We hypothesized
that the maturation of DCs by UPM would
enhance the recall response of Tms to
allergen with higher levels of cytokine
production and T cell proliferation than by
allergen-loaded DCs alone. To address this,
we have used CD1c1 DCs from the blood,
because these are the precursors of the DCs
that migrate to and populate the lung and,
once stimulated, migrate on to the lymph
nodes. Similarly, we used the total CD4
Tms from the blood, as these contain
antigen-specific central and effector
memory. Our aims were to determine: (1)
whether UPM-loaded DCs enhance the
production of proinflammatory cytokines
by Tms from patients with atopic asthma in
response to allergen; (2) whether UPM-
loaded DCs influence the generation of Tm
effectors; and (3) the mechanisms through
which UPM might exert its adjuvant effect.

Materials and Methods

Donor Cohorts
Patients with mild–moderate asthma with
allergy to house dust mite (HDM), as
defined by positive skin-prick tests (nine
male and seven female; age range, 21–62
years; defined by Global Initiative for
Asthma [GINA] guidelines) and healthy
control subjects without asthma or atopy
(five male and three female; age range,
27–56 years) were recruited after informed
consent. The study was approved by the
Research Ethics Committee at Guy’s
Hospital (London, UK).

Cells and Culture
CD1c1 myeloid DCs (mDCs) were purified
using the BDCA-1 DC isolation kit
(Miltenyi Biotec, Bergisch Gladbach,
Germany) from Ficoll Hypaque (Nycomed,
Oslo, Norway)–separated peripheral blood
mononuclear cells (PBMC). DC (purity
.99% CD11c1) were cultured overnight
at a density of 1.03 104/ml in 96-well
u-bottomed plates in complete medium
(RPMI 1640; Invitrogen, Paisley, UK)
supplemented with 10% human AB serum,

Clinical Relevance

Exposure to particulate air pollution is
thought to exacerbate allergic asthma
through direct and indirect activation
of airway dendritic cells (DCs). This
study shows that, instead of enhancing
T cell responses to allergen, loading of
human DCs with urban particulate
matter alone induces resting
autologous memory CD4 T cells to
expand into Th1, Th2, and Th17
effectors through an antigen-
dependent mechanism. Such responses
might contribute to the development
and exacerbation of asthma.
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Figure 1. Memory CD4 T cells produce proinflammatory cytokines in response to urban particulate matter (UPM)–loaded dendritic cells (DCs) in the
presence and absence of antigen. (A) Memory CD4 T cells from donors with atopic asthma were cocultured in complete medium (Med) with autologous
CD1c1 DCs loaded with or without house dust mite (HDM) at a T cell:DC ratio of 10:1 in the presence or absence of a fixed dose of UPM (5 mg/ml) for 5
days before supernatants were harvested for IL-13 analysis by Combined Bead Array (CBA). Data are representative of five experiments. (B) Summarized
data showing effect of HDM and UPM loading of DCs on memory CD4 T cell (Tms) IL-13 secretion. Data are normalized to percentages of maximal IL-13
secretion induced by HDM alone and are presented as means 6 SD (n = 5). Statistical analysis was by two-way ANOVA with repeated measures,
followed by Bonferroni’s multiple comparison test (ns, nonsignificant). (C and D) Effect of coactivation with granulocyte/macrophage colony–stimulating
factor (GM-CSF) on 5-day IFN-g, IL-13, and IL-17A cytokine production by Tms from (C) a donor with atopic asthma (n = 10) and (D) a donor without atopy
or asthma (n = 6) induced by UPM and HDM or tetanus toxoid (TT)–loaded DCs, respectively. Data are presented as the median, interquartile range (IQR),
and 5th and 95th percentiles. Statistical analysis was by one-way ANOVA with repeated measures, followed by Bonferroni’s multiple comparison test.
(E) Comparison of IFN-g, IL-13, and IL-17A cytokine production by Tms from a donor with atopic asthma (n = 10) and (D) a donor without atopy or asthma
(n = 6) induced by UPM-DCs. Statistical comparison was by two-tailed unpaired t test. SQ, standardized quality.
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2 mM L-glutamine, and 250 mg/ml
gentamicin. Myeloid DCs were activated for
18 hours with 5 mg/ml of UPM (23) from
a stock of 500 mg/ml of Standard Reference
Material 1648a (National Institute of
Standards and Technology, Gaithersburg,
MD), resuspended in 5% methanol/ultrapure
water with or without 50 ng/ml GM-CSF
(R&D Systems Ltd, Oxford, UK) in the
absence or presence of antigens; HDM (Alk-
Abello, Horsholm, Denmark) or Tetanus
Toxoid (Calbiochem, Leicester, UK). To
neutralize LPS, aliquots of UPM or tetanus
toxoid (TT) were each incubated with
polymyxin B (Sigma-Aldrich, Dorset, UK) for
60 minutes before adding to DCs (final
polymyxin B concentration of 5 mg/ml). In
some experiments, DC production of IL-6
was neutralized with anti–human IL-6 (1 mg/ml:
R&D Systems) and T-cell receptor
(TCR)–major histocompatibility class (MHC)
II interactions between DCs and memory
T cells were blocked with anti–MHC II DP,
DQ, DR (BD Biosciences, Oxford, UK)

Memory CD4 T Cell Purification
CD41CD45R01 memory T cells were
isolated by negative selection (Miltenyi
Biotec) from cryopreserved aliquots of
CD1c1- and CD191-depleted PBMCs.
T cell viability was 90% and
CD41CD45R01 purity was 97–99%.

Flow Cytometric Analysis
DC maturation was assessed by flow
cytometry. Myeloid DCs were removed using
2 mM EDTA/1% FCS in Dulbecco’s PBS
and stained with FITC-labeled anti-CD80,
APC-labeled anti-human leukocyte antigen
(HLA)-DR and CD83-phycoerythrin (PE), or
respective isotype controls (BD Biosciences)
on ice. Flow cytometry was performed with
a FACScalibur cytometer (Becton Dickinson,
Mountain View, CA) using standard
CellQuestPro acquisition software (Mountain
View, CA). Cells were gated on forward and
908 side scatter to exclude cell debris.

CFSE Staining
Labeling of T cells with 5-(and -6)-
carboxyfluorescein diacetate succinimidyl
ester (CFSE; Invitrogen, Paisley, Scotland,
UK) was performed as described
previously (25).

Autologous Lymphocyte:DC Reaction
Aliquots of 13 105 CFSE-labeled memory
CD4 T cells were cocultured with 13 104

autologous resting or activated DCs in
complete media for 5 days before
measurement of cell proliferation by flow
cytometry and cytokine production in
supernatants.

Intracellular Cytokine Staining
The 5-day T cell:DC cocultures were
further expanded for 2 days in fresh media
and IL-2 (10 m/ml; MRC NIBSC, Potters
Bar, UK) before the effector T cell
cytokine profile was assessed after
stimulation for 5 hours with 50 ng/ml
phorbol-12-myristate-13-acetate (PMA)
and 500 ng/ml ionomycin (Sigma-
Aldrich). Cytokine secretion was blocked
with 5 mg/ml Brefeldin-A (Sigma-Aldrich)
during the last 4 hours of stimulation.
Cells were surface stained with anti–CD3-
PerCP (BD Biosciences) before being fixed
and permeabilized using BD PermFix
(BD Biosciences) and stained with PE-
or APC-conjugated anti–IFN-g (BD
Biosciences) or PE- or APC-conjugated
anti–IL-13 (Biolegend, San Diego, CA)
antibodies or APC-conjugated anti–IL-17
(e-Bioscience, San Diego, CA).

Cytokine Analysis
Cell supernatants were analyzed for
cytokines using Combined Bead
Array (CBA) multiplex assays (BD
Biosciences).

Statistical Analysis
Statistical analysis was performed with
GraphPad Prism 5.0 (La Jolla, CA).
Normality was tested by the D’Agostino
and Pearson omnibus normality test.
Paired and unpaired data were analyzed
by the two-tailed paired or unpaired t test,
respectively. Groups were analyzed by
one-way ANOVA with repeated
measures and Bonferroni’s multiple
comparison test. Significance of
interactions between UPM and HDM was
tested by two-way ANOVA with repeated
measures and Bonferroni’s multiple
comparison test.

Results

UPM-Activated DCs Activate
Autologous Memory CD4 T Cells
Myeloid DCs line the mucosa of the airway,
and previous studies have shown that nasal
challenge with DEPs enhances recall
allergen-induced type 2 IL-4, -5, -6, and -13

cytokine production by individuals with
allergy (26). To test the hypothesis that
UPM stimulation of DCs (UPM-DCs)
enhances T cell recall responses to allergen,
Tms from patients with asthma with allergy
to HDM were cocultured with autologous
DCs pretreated overnight in the presence or
absence of a fixed dose of UPM (previously
optimized at 5 mg/ml [23]) with or without
HDM (dose range 0–500 standardized-
quality [SQ] units/ml). Cells were cultured
for 5 days and IL-13 secretion in
supernatants was measured by CBA.
Figure 1A shows that HDM-loaded DCs
induced dose-dependent IL-13 production
by autologous Tms. Unexpectedly, DCs
loaded with UPM alone also induced Tm
IL-13 secretion in quantities equivalent to
those induced by allergen (P, 0.05
compared with autologous DCs alone), but
stimulation of HDM-DCs with UPM had
no significant additive or synergistic effect
(Figure 1B).

We next investigated whether UPM-
DC induced Tm production of cytokines
other than type 2 cytokines by analyzing
production of IFN-g and IL-17A and
whether GM-CSF, a cytokine secreted by
AECs that enhances UPM-induced DC
maturation (23), enhances Tm responses to
UPM-loaded DCs. Data summarized in
Figure 1C show that UPM-DCs elicited
a mixed inflammatory Tm cytokine profile
characterized by high levels of IFN-g and
IL-13 (P, 0.001 compared with medium
control), and low levels of IL-17A.
Although coactivation of UPM-DCs with
GM-CSF enhances DC maturation and
subsequent capacity to stimulate allogeneic
naive CD4 T cells (23), this did not
significantly enhance Tm cytokine
production. In accordance with the atopic
status of the donors, HDM-DC–induced
Tm responses were highly polarized toward
Th2, as indicated by IL-13, but not IFN-g
or IL-17A secretion. Activation of HDM-DCs
with GM-CSF significantly increased
secretion of IL-13 (P, 0.05) compared
with HDM-DCs alone and elicited the
secretion of IL-17A (P, 0.01), although the
latter remained comparatively low. Tms
stimulated by HDM-DCs loaded with UPM
secreted a mixture of all three cytokines, but
there was no significant enhancement of any
one cytokine compared with UPM-DCs or
HDM-DCs alone.

PBMC from individuals with asthma
produce higher levels of inflammatory
cytokines in response to DEP stimulation
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than healthy patients without asthma (27).
To investigate whether the stimulatory
effect of UPM-DCs on Tm functionality
was unique to subjects with asthma or
a more generalized phenomenon, we
conducted the same experiments on Tms
from healthy individuals without atopy or

asthma using the recall antigen, TT
(1 mg/ml), instead of HDM as a positive
control for antigen-specific responses.

Figure 1D shows that UPM-loaded
DCs from patients without asthma, like
those from subjects with asthma, also
induced the secretion of IFN-g and IL-13

and low quantities of IL-17A. TT
antigen–specific Tms had a mixed cytokine
profile, with relatively high production of
all three cytokines compared with that
induced by UPM-DCs, although more
variable between individuals. Direct
comparison of the amounts of IFN-g,
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Figure 2. Memory CD4 T cell proliferation induced by UPM-activated CD1c1 DCs in the presence or absence of GM-CSF or antigen. (A) 5-(and -6)-
Carboxyfluorescein diacetate succinimidyl ester (CFSE)–labeled CD41 T cells from donors with atopic asthma were stimulated with UPM-loaded DCs in
the presence or absence of GM-CSF or HDM for 5 days at a T cell:DC ratio of 10:1. Values in the plots show the proportion of proliferating cells. Data
are representative of 10 experiments. (B) Summarized data in terms of percentages of proliferating (CFSElo) cells are presented as the median, IQR, and
5th and 95th percentiles (n = 10). (C) Proliferative responses of CFSE-labeled CD41 T cells from donors without asthma or atopy to UPM-DCs in the
presence or absence of GM-CSF or TT. Data are representative of six experiments. (D) CFSElo cells are presented as the median, IQR, and 5th and 95th
percentiles (n = 6). Statistical analysis was by one-way ANOVA with repeated measures, followed by Bonferroni’s multiple comparison test. (E)
Comparison of Tm proliferation by donors with atopic asthma (n = 10) and donors without asthma or atopy (n = 6) induced by UPM-DCs. Statistical
comparison was by two-tailed unpaired t test.
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IL-13, and IL-17A secreted by UPM-
DC–activated Tms from patients with
asthma and healthy controls without
asthma showed no significant difference
(Figure 1E).

UPM-Activated DCs Activate
Autologous Memory CD4 T Cell
Proliferation from Donors with and
Those without Asthma
Mature DCs powerfully stimulate resting
Tms to undergo antigen-specific
proliferation. To determine the effect of
UPM stimulation on the capacity of DCs to
induce allergen-induced Tm proliferation,
CFSE-labeled Tms were cocultured with
HDM-loaded DCs (200 SQ units/ml) for
5 days and proliferation was assessed
by CFSE dilution. Figure 2A and data
summarized in Figure 2B show that UPM-
loaded DCs from patients with asthma
consistently induced autologous Tm
proliferation (P, 0.0001 compared with
medium alone), which was 5- to 10-fold
higher than that induced by HDM-loaded
DCs, and was significantly enhanced by
costimulation with GM-CSF (P, 0.05).
Under the same conditions, DCs loaded
with both UPM and HDM generated
significantly greater Tm proliferation than
UPM-DCs alone (P, 0.05).

In individuals without asthma,
Figure 2C and data summarized in
Figure 2D show that UPM-DC
stimulation alone induced Tm
proliferation and that the coactivation of
UPM-DCs with GM-CSF induced Tm
proliferation almost as strongly under
the same conditions as TT-loaded DCs.
Comparison of the functional Tm
responses from patients with asthma and
healthy control subjects without asthma
showed similar levels of UPM-
DC–induced Tm proliferation
(Figure 2E).

UPM-Activated DCs Induce the
Differentiation of Potent Inflammatory
Mixed IFN-g–, IL-13–, and
IL-17A–Producing Effectors
Tms are composed of effector and central
memory cells, which possess great plasticity
by differentiating in response to
inflammatory or tolerizing signals in the
microenvironment received either directly
by the T cell or by direction from tissue DCs.
To determine the proportions of Th1,
Th2, and Th17 effector cells generated
through stimulation by UPM-DCs, Day-5
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Figure 3. Cytokine-producing capacity and frequency of CD4 T cell effectors activated by
UPM-DCs from donors with atopic asthma in the presence or absence of GM-CSF or HDM.
(A) CFSE-labeled Tms were stimulated with DCs for 5 days before a 2-day expansion with
IL-2. Intracellular production of IFN-g, IL-13, and IL-17A was assessed 5 hours after
restimulation with phorbol-12-myristate acetate (PMA) and ionomycin. Values in the upper

left quadrant denote the frequency of divided cells that are cytokine 1ve (positive). Values
in the upper right quadrant denote the frequency of nondividing cells that are cytokine 1ve.
Data are representative of 10 independent experiments. (B) Summarized data in terms of
percentages of total CFSElo-dividing cells producing IFN-g, IL-13, and IL-17A. Data are
presented as the median, IQR, and 5th and 95th percentiles (n = 10). Statistical analysis
was by one-way ANOVA with repeated measures, followed by Bonferroni’s multiple
comparison test.
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cultures were expanded with IL-2 (10 m/ml)
for 2 days and effector phenotype was
analyzed by intracellular cytokine staining.
The data in Figure 3A and summarized in
Figure 3B show that, upon re-stimulation
by PMA and ionomycin, a substantial
proportion of UPM-DC–stimulated
proliferating (CFSElo) Tms from donors
with asthma and atopy produced IFN-g
(P, 0.001 compared with control DC
stimulation), whereas a lower proportion
produced IL-13 (P, 0.01). Strikingly,
a fraction of Tms had differentiated to
produce high levels of IL-17A (P, 0.001,
compared with control DCs alone). In
contrast, although highly variable between
individuals, the effector profile of HDM-
specific Tms was dominated by IL-
13–producing cells, with few IFN-g and
IL-17A producers. The effector profile of
Tms generated by activation of DCs loaded
with a combination of UPM and HDM
was a mixture of IFN-g–, IL-13–, and
IL-17A–producing cells, with a
significantly reduced frequency of the
latter compared with that induced by
UPM-DCs alone (P, 0.05).

Parallel analysis of the capacity of
UPM-induced effector Tms to secrete
cytokines upon short-term stimulation by
PMA and ionomycin (24 hours) was
quantified by CBA. Data summarized in
Figure E1 in the online supplement suggest
that, after further expansion in the presence
of IL-2, Tms induced by UPM-DCs with
or without HDM had differentiated into
potent effectors capable of secreting high
concentrations of IFN-g, IL-13, and, most
strikingly, IL-17A, which had been detected
at only picogram concentrations after the
initial 5 days of UPM-DC stimulation in
coculture (Figure 1D).

We then investigated whether or not
UPM-DC–stimulated Tms from donors
without asthma also differentiated into
similar effector Tms. Figure 4A and data
summarized in Figure 4B show that UPM-
DCs from donors without asthma induced
significant differentiation of Tm effectors
capable of producing IFN-g (P, 0.05),
IL-13 (P, 0.05), and IL-17A (P, 0.01).
However, comparison of Tm effector
frequencies generated by stimulation with
UPM-DCs showed that donors with atopic
asthma generated significantly higher
frequencies of IFN-g– (P, 0.05) and IL-13
(P, 0.05) –secreting Tm effectors than
patients without asthma, but similar

frequencies of IL-17–secreting effectors
(Figure 4C).

UPM-Activated DCs Induce the
Differentiation of IFN-g1IL-17A1

Coexpressing Effectors
Previous studies have reported that
intratracheal DEP instillation, in
combination with HDM sensitization, can
induce Th17/Th2 coexpressing cells (5, 17).
We therefore investigated whether UPM-
DCs induce the differentiation of these
effectors. Figure 5A and data summarized
in Figure 5B show that, in the gated
proliferating CFSElo fraction, the UPM-
induced effectors were mainly IL-171 and
IL-131 single secreting cells with few
IL-131/IL-171 coexpressing cells,
whereas HDM-DC–induced Tms were
predominantly IL-131 single secreting cells.
In contrast, UPM-DCs induced the
differentiation of IFN-g1/IL-171

coexpressing cells as well as IL-17 and
IFN-g single secreting cells. The
combination of UPM and HDM decreased
the proportion of IFN-g1/IL-171

coexpressing cells and IFN-g single
secreting cells. IFN-g1/IL-171

coexpression is a characteristic of the
Th17.1 subset, which is expanded from
precursors by TCR stimulation in the
presence of IL-23 (28). Figure 5C shows
that 20 hours of UPM stimulation of DCs
induced very low IL-23 secretion; 10–20
times greater quantities were, however,
measured in Day-5 Tm:UPM-DC coculture
supernatants (Figure 5D), suggesting that
most IL-23 production was elicited through
subsequent activated Tm–DC interactions.
In contrast, the cross-talk between Tms
activated by UPM1 HDM-DCs elicited
substantially less IL-23 secretion.

UPM-DC–Induced Functional Tm
Responses Are Mediated through
IL-6–Independent MHC II–TCR
Interactions
Stimulation of mDCs with UPM induces the
production of a mixture of innate cytokines,
such as IL-6, IL-10, and TNF-a (23). In
combination with g-chain cytokines, such
as IL-2 and IL-15, these cytokines can
induce the expansion and differentiation of
naive CD4 T cells and Tcm into mixed
Th1/Th2 Tems in an antigen-independent
manner (29). Furthermore, IL-6 is an
important cytokine for human Th17
differentiation (30, 31). We therefore

investigated whether the expansion and
differentiation of UPM-DC–induced Tms is
IL-6 dependent.

Data in Figure E3A show that, although
IL-6 in Day-5 DC-Tm cocultures was
efficiently neutralized by treatment of DCs
with anti–IL-6 at Day 0, this had no
inhibitory effect on UPM or TT-
DC–induced Tm proliferation (Figure 6A
and summarized in Figure 6B). Neither did
IL-6 neutralization inhibit the secretion of
IFN-g, IL-13, or IL-17A by TM effectors
induced by UPM-DCs or TT-DCs
(Figure 6C).

We have previously found that,
although UPM contains low levels of LPS,
UPM-induced DC maturation is LPS
independent (23). Because LPS-induced
cytokine production might potentially
influence Tm differentiation, residual LPS
in UPM was blocked by preincubation
with polymyxin B (PxB)—an antibiotic
that strongly binds and neutralizes LPS—
before DC loading. Figure E3 shows that
IFN-g secretion and Tm proliferation
induced by UPM-DCs persisted after PxB
pretreatment, whereas the same responses
induced by TT-DCs were significantly
inhibited (P, 0.05 and P, 0.01,
respectively).

To test the alternative possibility, that
UPM-DC–induced Tm expansion in these
experiments was antigen dependent, DCs
were treated overnight with anti–MHC II
DP, DQ, DR (anti–class II) to block the
recognition of MHC II–cognate peptide
complexes by TCR-bearing Tms. Figure 6D
and data summarized in Figure 6E show
that UPM-DC induced Tm proliferation
was abolished by anti–class II, although
this was insufficient to fully block TT-
DC–induced Tm responses, which were
reduced by approximately 60% (P, 0.01).
Equally, blockade of MHC II–TCR
interactions efficiently prevented UPM-
DC–induced inflammatory Tm cytokine
secretion (P, 0.01), but was insufficient to
completely inhibit TT-DC–induced Tm
cytokine responses. These data suggest that
the activation of Tms by UPM was by
antigen rather than through inflammatory
cytokines.

Discussion

Mounting epidemiological evidence
suggests that exposure to the particulate
component of traffic-related urban air
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Figure 4. Cytokine-producing capacity and frequency of CD4 T cell effectors activated by UPM-DCs from donors without asthma or atopy in the presence or
absence of GM-CSF or TT. (A) CFSE-labeled Tms were stimulated with DCs for 5 days before a 2-day expansion with IL-2. Intracellular production of IFN-g,
IL-13, and IL-17A was assessed 5 hours after restimulation with PMA and ionomycin. Values in the upper left quadrant denote the frequencies of divided
cells that are cytokine 1ve. Values in the upper right quadrant denote the frequency of nondividing cells that are cytokine 1ve. Data are representative of
six independent experiments. (B) Summarized data in terms of percentages of total CFSElo-dividing cells producing IFN-g, IL-13, and IL-17A. Data are
presented as the median, IQR, and 5th and 95th percentiles (n = 6). Statistical analysis was by one-way ANOVA with repeated measures, followed by
Bonferroni’s multiple comparison test. (C) Comparison between donors with atopic asthma (n = 10) and donors without asthma or atopy (n = 6) in frequencies
of IFN-g–, IL-13–, and IL-17A–secreting effector Tms induced by UPM-DCs. Statistical comparison was by two-tailed unpaired t test.
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pollution is linked with exacerbation of pre-
existing asthma and suppression of lung
immunity, and may contribute to the
development of new-onset asthma (32), but
the mechanisms remain unclear. Whereas
a number of studies have investigated how
pollution particulates might skew the
priming of naive CD4 T cells to Th2, to the
best of our knowledge, this is the first study
to report that the loading of human
myeloid DCs with UPM alone stimulates
autologous Tms to secrete cytokines and
expand and differentiate into a mixed
population of potentially highly
inflammatory Th1, Th2, and Th17 effector
memory cells. The ability of UPM-DC to
activate autologous Tms in the absence of
overt exogenous antigen was nevertheless
critically dependent on MHC II availability,
suggesting an antigen-dependent
mechanism. Furthermore, UPM-activated
DCs induced this response equally in cells
from both patients with asthma and healthy
control patients without asthma, suggesting
a common mechanism of Tm effector
generation independent of asthma status.

The blood CD1c1 DCs used in these
studies are the precursors of the CD11b2

lung DCs lining the airway and the
CD11b1 DCs in the lung parenchyma (33).
Previous studies have revealed that
instillation of DEPs causes increased
numbers of lung CD11b2 DCs to mature
and migrate to the lung lymph nodes.
These lymph node DCs were loaded with
DEPs, demonstrating that there are direct
interactions between lung DCs and
particulates. DEP-loaded DCs were found
to augment primary antigen-specific T cell
responses from naive CD4 T cell precursors
(12), but we reasoned that these DCs
would also have the potential to stimulate
antigen-experienced Tcms, which also
traffic through the lymph nodes, as well
as Tems either in or entering the lung
mucosa from the periphery. Furthermore,
the lung parenchyma is populated with
Tems, and these could access resident
UPM-activated CD11b1 DCs.
Understanding which DC subset is involved
in the generation of autologous UPM-
DC–induced Tm effector cell subsets needs
further investigation.

High levels of DEP exposure in
children with severe atopic asthma has been
linked with sixfold elevated levels of serum
concentrations of IL-17A and significantly
more asthma exacerbations (5). In vivo
models show that, although intratracheal
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production in 5-day Tm:UPM-DC cocultures. Data are presented as means 6 SD (n= 5). Statistical
analysis was by two-tailed paired t test.

ORIGINAL RESEARCH

258 American Journal of Respiratory Cell and Molecular Biology Volume 54 Number 2 | February 2016



0

M
ed

an
ti-

lL
-6

T
T

+
an

ti-
lL

-6

U
P

M
+

an
ti-

lL
-6

U
P

MT
T

10

20

%
 C

F
S

E
Io

30

0

M
ed

an
ti-

lL
-6

T
T

+
an

ti-
lL

-6

U
P

M
+

an
ti-

lL
-6

U
P

MT
T

20

40

IL
-1

7A
 (

pg
/m

l)

60

0

M
ed

an
ti-

lL
-6

T
T

+
an

ti-
lL

-6

U
P

M
+

an
ti-

lL
-6

U
P

MT
T

100

50

200

150

IL
-1

3 
(p

g/
m

l)

250

0

M
ed

an
ti-

lL
-6

T
T

+
an

ti-
lL

-6

U
P

M
+

an
ti-

lL
-6

U
P

MT
T

1000

500IF
N

-γ
 (p

g/
m

l)

1500

0

M
ed

an
ti-

C
la

ss
 II

T
T

+
an

ti-
C

la
ss

 II

U
P

M
+

an
ti-

C
la

ss
 II

p<0.01

p<0.01

U
P

MT
T

10

20

%
 C

F
S

E
Io

IL
-1

7A
 (

pg
/m

l)

IL
-1

3 
(p

g/
m

l)

30

Control

Anti-lL-6

0
100

101

102

103

104

1023

Med

0.3%

0
100

101

102

103

104

1023

TT

16%

100

101

102

103

104

0 1023

UPM

10%

C
F

S
E

FSC

0
100

101

102

103

104

1023

0.5%

0
100

101

102

103

104

1023

21%

0

M
ed

an
ti-

C
la

ss
 II

T
T

+
an

ti-
C

la
ss

 II

U
P

M
+

an
ti+

C
la

ss
 II

U
P

M

U
P

M T
T

20

40

60
P<0.01

P<0.01

0

M
ed

an
ti-

C
la

ss
 II

T
T

+
an

ti-
C

la
ss

 II

U
P

M
+

an
ti-

C
la

ss
 IIT
T

U
P

M

M
ed

an
ti-

C
la

ss
 II

T
T

+
an

ti-
C

la
ss

 II

U
P

M
+

an
ti-

C
la

ss
 IIT
T

100

200

300

0

200

400

IF
N

-γ
 (

pg
/m

l) 600

800
ns

P<0.05
ns

100

101

102

103

104

0 1023

9%

0.4% 15%

4%

100

0 1023

101

102

103

104
Med TT

100

0 1023

101

102

103

104

4%
100

0 1023

101

102

103

104
UPM

0.2%

100

0 1023

101

102

103

104

100

0 1023

101

102

103

104

0.4%
100

0 1023

101

102

103

104

Control

Anti-
MHC
Class II

C
F

S
C

FSC

A

C

D

F

E

B

Figure 6. UPM-DC–induced CD4 memory T cell activation of cytokine secretion and proliferation is antigen dependent instead of through homeostatic
expansion mediated by IL-6. (A) Proliferative responses of CFSE-labeled CD41 T cells from donors without asthma or atopy after 5-day coculture with
UPM-DCs or TT-DCs in the presence or absence of anti–IL-6. Data are representative of six experiments. (B) Summarized data in terms of percentages
of proliferating CFSElo cells. Data are presented as means 6 SD (n = 6). (C) Effect of anti–IL-6 on UPM-DC–induced IFN-g, IL-13, and IL-17A
secretion by Tm after 5 days of coculture. Data are presented as means6 SD. Statistical analysis was by two-tailed paired t test, followed by Bonferroni’s
correction. (D) Proliferative responses of CFSE-labeled CD41 memory T cells from donors without asthma or atopy after 5 days of coculture with
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instillation of diesel particles alone is
sufficient to induce the generation of Th17
cells, in the absence of allergen sensitization
this is insufficient to cause asthma
symptoms (5). Furthermore, inhalation of
UPM during secondary challenge with
allergen induces more Th2 and Th17
effectors and more severe symptoms of
asthma exacerbation than allergen alone
(15), whereas chronic inhalation of real-
world air pollution particulates promotes
the generation of Th1/Th17 cells (34). The
induction of Th17 cells may be through
DEP-induced production of Th17-
polarizing cytokines, such as IL-1b (35),
but Th17 cell differentiation is also
promoted by activation of the
arylhydrocarbon receptor by polyaromatic
hydrocarbons (36), which are found in
the organic coating of DEPs (37). Similarly
to the effects of DEPs in vivo, UPM-
DC–induced generation of Th17 effectors
in vitro in the present study occurred in the
absence of overt antigen (37), but, unlike
DEPs, was accompanied by the generation
of potential Th1 and Th2 effectors, which,
in turn, was abolished by anti–MHC II
blockade.

Our most striking observation is that
UPM-DCs consistently induced functional
Tm responses in the absence of overt
exogenous antigen many fold higher than
those induced by GM-CSF–treated DCs,
although the latter had higher viability and
expressed higher levels of maturation
markers than UPM-DCs (data not shown,
and Ref. 23). However, DCs stimulated by
GM-CSF (which would be produced by
UPM-stimulated AECs in vivo [38]) and
loaded with UPM induced greater levels
of T cell proliferation and subsequently
greater numbers of T cell effectors.

The observation that anti–class II, but
not anti–IL-6 or polymyxin-B, completely
abolished Tm responses to autologous
UPM-DCs suggests a TCR/antigen-
dependent rather than a cytokine-driven
mode of activation. Indeed, that Tm
responses to TT-DCs were not completely
abolished by anti–class II treatment, but
were partially inhibited by PxB (Figure E3)
suggests that some of the response to
TT used as a positive control in these

experiments was LPS-induced, cytokine-
driven expansion.

Our original hypothesis had been that
UPM-mediated maturation of DCs would
enhance allergen-specific memory T cell
cytokine responses. Instead, the lack of
additive effect in eliciting IL-13 secretion
from Tms stimulated by DCs loaded with
both UPM and HDM, and the reduced
frequencies of IL-17A1–secreting effectors,
compared with those of Tms stimulated by
UPM-DCs alone, suggests that the Tm
responses to UPM and HDM are in
competition with each other. Which Tm
response dominates will probably differ
from individual to individual according to
T cell precursor frequency, TCR affinity for
antigen, and MHC background. Yet it is the
sum of the individual responses to UPM-
associated antigens and HDM that
generates the observed mixture of Th1,Th2,
and Th17 effectors.

We speculate that, if UPM has the same
effect on Tms in the lungs of patients with
asthma allergic to HDM, as in the in vitro
experiments described here, the overall
result would be HDM-induced, Th2-
mediated eosinophilia combined with
UPM-induced, Th1- and Th17-mediated
neutrophilia, and airway smooth muscle
activation (39), manifest clinically as more
severe asthma. Importantly, the majority
of the UPM-DC–induced Th17 cells
coexpressed IFN-g rather than IL-13,
suggesting that UPM-DCs drive the
generation of the recently described
inflammatory Th17.1 cell subset associated
with autoimmune disease rather than
asthma-promoting IL-17–secreting Th2
cells (17). This pathogenic Th17 subset
expands from precursor memory cells
through TCR stimulation coupled with
IL-23 (28). Th17.1 cells are glucocorticoid
resistant, and Th17 cells have been
implicated in glucocorticoid-resistant
asthma in humans (40). Furthermore, in
addition to IL-17A, Tms from subjects with
severe, glucocorticoid-resistant asthma also
secrete high levels of IFN-g (41), which
has been implicated in the pathogenesis of
nonatopic asthma (42), and is the primary
mediator of airway hyperreactivity in
models of chronic asthma (43). Strikingly,

we detected IL-23 in our 5-day UPM-DC
Tm coculture supernatants, and generated
Tm effectors similarly capable of producing
high levels of IFN-g and IL-17A. The
requirement for TCR stimulation for
expansion of Th17.1 cells further suggests
that antigen is being presented by UPM-
DCs.

That UPM-DCs activated strong
responses from Tm from healthy
individuals without asthma as well as
subjects with asthma suggests that the
triggering antigen is ubiquitous, and it is
tempting to speculate what its nature
might be. Possible candidates include
autoantigens (44), or self-antigens
modified, for example, by reactive oxygen
species generated by UPM (45), or by the
structural distortion of the surface of
self-peptide MHC complexes, via internal
interaction with metallic cations, as has
been reported for the HLA-DP2–restricted
mechanism of chronic beryllium disease
(46). This is of particular interest, because
UPM contains a multitude of transition
and alkali metals.

Another possibility is the
“reprogramming” of self-antigen–specific
FoxP31 regulatory T cells (T-regs) into
effectors, which has been described in mice
and requires presentation of antigen by
activated CD11b1 DCs and IL-6 (47).
Although UPM-activated DCs secreted
IL-6, complete neutralization of IL-6 had
no effect on the generation of UPM-
DC–induced IL-17–secreting Tems.
Indeed, depletion of 90% of T-regs
resulted in an enhancement of UPM-
DC–induced IFN-g and IL-13 effector
generation, and did not prevent the
generation of UPM-DC–induced Th17
cells (Figure E4), suggesting that “plastic”
T-regs are not the source of UPM-
DC–induced Tems.

An alternative explanation is that UPM
contains exogenous antigen, for example,
from aerial microbes, such as bacteria,
fungal spores, pollen, and viruses. It may
then be envisaged that the frequencies of
Tms specific for such antigens may be
increased in subjects with asthma because of
impaired airway barrier function (48). This
might also explain why our observed

Figure 6. (Continued). UPM-DCs or TT-DCs in the presence or absence of anti–major histocompatibility class (MHC) II DP, DQ, DR. Data are repre-
sentative of five experiments (E) Summarized data in terms of percentages of proliferating CFSElo cells. Data are presented as means 6 SD (n = 5).
(F) Effect of anti–MHC II DP, DQ, DR on UPM-DC–induced IFN-g, IL-13, and IL-17A secretion by Tms after 5 days of coculture. Data are presented as
means 6 SD. Statistical analysis was by two-tailed paired t test, followed by Bonferroni’s correction.
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frequencies of Tms secreting IFN-g and
IL-13 from patients with asthma were
significantly higher than those from
healthy control subjects. Although we have
no direct evidence that Tms are
responding to environmental microbial
antigens in UPM, it is noteworthy that
a similarly collected UPM source was
reported to contain gram-negative and
gram-positive bacteria and fungal spores
(49). Furthermore, typical UPM of
PM2.5–PM10 size tend to deposit in
bronchioles, which contribute significantly
to airways obstruction in asthma and are
also typical sites where bacterial infections

are initiated (50). Whether the UPM (SRM
1648a) that we have used contains similar
environmental microbes, and if so,
whether Tm responses to UPM are antigen
specific or cross-reactive, needs further
investigation, as does the question of
whether other components of UPM, such
as PAHs or metal salts, act as adjuvants
increasing the immunogenicity of
microbes taken up by DCs. Together, these
observations could explain why subjects
without atopic asthma have Tm responses
to UPM and why the cytokine profile is
similar to that induced by TT.
Furthermore, they may provide

a mechanism for how exposure to
UPM might contribute to systemic
inflammation–induced exacerbation
of chronic diseases and the
development and exacerbation of
asthma in both individuals with and
those without atopy. n
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