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ABSTRACT
Background The natural history of asthma includes in
some patients periods of disease remission, but the
underlying mechanisms are unknown.
Objectives We explored whether type 1 myeloid
dendritic cell (mDC) dysfunction could be involved in the
persistence of asthma, studying the controlled setting of
occupational asthma after allergen avoidance.
Methods We recruited 32 patients with occupational
asthma to flour or latex ascertained by specific inhalation
challenge and who were no longer exposed to the
causal allergen. Leukapheresis was performed in each
patient to isolate and characterise blood type 1 mDCs,
and their functionality was studied in coculture with
allogeneic CD4+ T cells from controls.
Results At follow-up, 11/32 patients (34%) were
characterised by the absence of symptoms and non-
specific bronchial hyper-responsiveness to histamine and
were considered to be cured. When compared with
cured patients, mDCs from patients with persistent
disease increased the production of interleukin (IL) 5 and
IL-13 by CD4+ T cells, and upregulated programmed
death ligand 2 (PD-L2) upon allergen pulsing. In
addition, IL-5 and IL-13 responses could be reversed by
exogenous IL-12, as well as by PD-L2 blockade.
Conclusions This study indicates that pro-Th2 features
of mDCs correlate with disease activity in asthma after
cessation of exposure to the causal allergen. The
findings also highlight that the Th2 programming by
dendritic cells is flexible and partly mediated by PD-L2.

INTRODUCTION
The mechanisms associated with asthma recovery
or persistence have almost never been explored. In
addition, although allergen avoidance is recom-
mended in the management of allergic asthma,
strategies to reduce allergen exposure failed to
show a clear benefit.1 In this regard, IgE-mediated
occupational asthma (OA) induced by high molecu-
lar weight agents is a specific condition that offers
the possibility to strictly control exposure to the
causal allergen. Nonetheless, the outcome of OA
following cessation of exposure is disappointing,
with only about a third of the patients recovering
from their symptoms and non-specific bronchial
hyper-responsiveness (NSBHR).2 3 Studies on OA
have shown that failure to improve NSBHR upon
allergen avoidance was associated with higher levels
of inflammatory cytokines in sputum and persistent

airway inflammation,4 5 but the immune mechan-
isms involved remain unknown.
Type 1 myeloid dendritic cells (mDCs) are pro-

fessional antigen-presenting cells that play a key
role in the initiation of immune responses. Their
role in asthma inception has been highlighted for
15 years.6 Besides their ability to present allergens
to naïve T cells, mDCs are able to shape the
immune response through the secretion of cyto-
kines and expression of costimulatory molecules.
The role of some costimulatory molecules has been
recently explored in human asthma,7 including the
first and second ligands to programmed death-1
(PD-L1 and PD-L2)8 9 and the ligand to immune
costimulator,10 as factors involved in the intrinsic
pro-Th2 bias of mDCs from patients with
asthma.11 12 mDCs from patients with allergic
asthma also have an intrinsic propensity to respond
to proallergic epithelial cytokines such as thymic
stromal lymphopoietin.13

Given the pivotal role of mDCs in asthma incep-
tion and progression, we hypothesised that these cells
might be involved in asthma recovery or persistence
following allergen avoidance. In this study, the
phenotype and function of mDCs were correlated to
the clinical outcome of asthma (ie, persistence vs
remission) in the well controlled setting of allergen-
driven OA following cessation of exposure to the
causal allergen.

Key messages

What is the key question?
▸ The natural history of asthma includes in some

patients periods of disease remission, but the
underlying mechanisms are unknown.

What is the bottom line?
▸ We studied myeloid dendritic cell (mDC)

functionality in a well controlled setting,
namely patients with occupational asthma with
either remission or persistence following
complete allergen avoidance.

Why read on?
▸ This study shows that blood mDCs from

patients with occupational asthma and
persistent disease despite allergen avoidance
are imprinted with pro-Th2 activity.
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MATERIAL AND METHODS
For detailed information, please refer to the online supplemen-
tary materials.

Patients and clinical assessments
The study included patients with OA to natural rubber latex
(n=18) or flour (n=14) confirmed by a specific inhalation chal-
lenge, who completely avoided exposure to the causal allergen
after the diagnostic evaluation. At initial and follow-up assess-
ments, the patients were administered a questionnaire aimed at
collecting detailed information on workplace exposure, asthma
symptoms and antiasthma medications. Spirometry was assessed
in accordance with the standards of the American Thoracic
Society,14 and the level of BHR to histamine was measured
through the tidal breathing method15 and expressed as the con-
centration of histamine inducing a 20% decrease in FEV1

(PC20). The outcome was defined as: (1) ‘cured asthma’ (some-
times also mentioned as ‘asthma recovery’ or ‘remission’ in the
text) when the patients no longer experienced asthma symp-
toms, did not use antiasthma medication and showed a hista-
mine PC20 value >8 mg/mL; and (2) ‘persistent asthma’ when
the patients failed to meet any one of these criteria. In addition,
the serum from the 18 patients with latex allergy was tested for
its sensitivity to the major latex allergen Hev b 6.02, using
Immunocap (Thermo Scientific, Waltham, Massachusetts, USA).

Dendritic cell purification
The patients underwent a leukapheresis to obtain a buffy coat.
Peripheral blood mononuclear cells were isolated after centrifu-
gation on Lymphoprep (Axis-Shield, Oslo, Norway). Type 1
mDCs were isolated using immunomagnetic separation (MACS,
Miltenyi Biotecs, Bergisch Gladbach, Germany). After B cell
depletion with anti-CD19 microbeads, mDCs were positively
selected with anti-CD1c (blood dendritic cell antigen (BDCA) 1)
microbeads. This technique yields type 1 mDC purity above
95%, as shown in online supplementary figure S2A.

For phenotyping, DCs were cultured overnight in 48-wells
plates (500 000 cells/well at 1 million cells/mL) in RPMI-1640
medium supplemented with 10% of fetal calf serum,
Streptomycin (100 U/mL), Penicillin (100 U/mL) and L-glutamine
at a 2 mM concentration (Lonza, Verviers, Belgium), further
referred to as complete RPMI. DCs were cultured either alone, with
the relevant allergen extract (ie, latex or flour, 10 mg/mL,
Stallergènes, Antony, France) or with LPS (TLR4 agonist) at 1 mg/mL
(Sigma Aldrich, Saint-Louis, Missouri, USA). In eight patients
sensitised to the Hev b 6.02 allergen component of latex
(Biomay, Wien, Austria), this recombinant allergen protein was
also used at a final concentration of 2 mg/mL.

To investigate the regulation of T cell responses by DCs, the
model of coculture with allogeneic CD4+ T cells was used as it
previously showed that the allergic origin of DCs may overcome
the effect of HLA mismatch, as evidenced by the induction of
Th2 cytokine release by control CD4+ T cells.11 12 16 CD4+

T cells were purified from peripheral blood mononuclear cells
of non-allergic, non-asthmatic donors using anti-CD4 microbe-
ads (Miltenyi Biotec, Bergisch Gladbach, Germany). Resting or
stimulated mDCs were washed and cultured with these allogen-
eic CD4+ T cells in 96-well plates at a ratio of 1:5 (40 000
mDCs for 200 000 T cells) for 5 days in complete RPMI supple-
mented with 100 nM β–mercaptoethanol, as previously
described.10 13 In selected experiments, a blocking mAb to
human PD-L2 (Biolegend, San Diego, California, USA) or a
mouse IgG1 as isotype control (eBioscience, San Diego,

California, USA) were used (10 mg/mL), as well as recombinant
human interleukin (IL) 12 p70 (10 ng/mL; R&D Minneapolis,
Minnesota, USA).

Cell analysis and cytokine measurements
After surface staining, mDC phenotype was studied on a FACS
Canto II flow cytometer (BD Biosciences, San Diego, California,
USA).

IL-5, IL-13, IL-9, IL-10 and interferon γ levels at the end of
mDC-T cell coculture were measured by ELISA.

Statistics
Quantitative data are presented as median with IQR. Flow cyto-
metry data are expressed as the percentage of positive cells com-
pared with isotype control. For non-parametrical data, multiple
comparisons were completed using the Kruskal-Wallis test fol-
lowed by Dunn’s multiple comparison test. For single compari-
sons, unpaired data were analysed by the Mann-Whitney U test
and paired data by the Wilcoxon matched pairs test. A p value
under 0.05 was considered as statistically significant. Statistical
analyses were performed using GraphPad Prism V.5.00 for
Windows (GraphPad Software, San Diego, California, USA;
http://www.graphpad.com) and IBM SPSS Statistics V.21
(Armonk, New York, USA). Statistics were reviewed by a statis-
tical platform (Support en Méthodologie et Calcul Statistique—
SMCS, Université catholique de Louvain, Louvain-la-Neuve,
Belgium).

RESULTS
Clinical characteristics of the participants
Table 1 summarises the clinical features of the subjects defined
as having persistent versus cured asthma at the follow-up visit.
When comparing their characteristics at the time of the initial
assessment, the two groups did not differ significantly with
regard to the causal allergen, age, gender, atopy, smoking
history or duration of exposure before onset of asthma. The
only difference was that patients with persistent disease at
follow-up had a significantly lower FEV1 and FEV1/FVC ratio at
the initial visit, whereas NSBHR (histamine PC20) was similar in
both groups.

When comparing initial and follow-up assessments, cured
subjects showed significant improvements in FEV1 from a
median (IQR) value of 100 (96–104)% to 105 (97–107)%
(p=0.04) and histamine PC20 from 1.4 (0.9–5.8) mg/mL to
17.0 (16.0–21.0) mg/mL, p<0.001. Subjects with persistent
asthma also demonstrated a significant increase in histamine
PC20 compared with baseline values from 1.2 (0.4–2.6) mg/mL
to 4.7 (1.7–7.5) mg/mL (p=0.002), while FEV1 remained
unchanged.

mDCs from patients with persistent asthma induce Th2
responses upon allergen pulsing
The capacity to polarise T cell responses was used as read-out
for mDC functionality. DCs from cured versus persistent OA
subjects were pulsed with the relevant allergen or with LPS as a
control, washed and then cocultured for 5 days with allogeneic
CD4+ T cells from (non-atopic) control donors.11 12 16

Upon allergen pulsing, mDCs from patients with persistent
asthma upregulated IL-5 (from 0.4 (0.2–0.6) ng/mL to 1.1
(0.9–1.4) ng/mL, median (IQR), p<0.001) and IL-13 (from 0.2
(0.1–0.4) ng/mL to 0.6 (0.3–0.9) ng/mL, median (IQR), p<0.001)
secretion by CD4+ T cells, whereas mDCs from cured patients did
not affect these cytokines (figure 1). LPS-activated mDCs induced
the production of interferon γ in both groups (figure 1), while no
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difference was observed for IL-9 and IL-10 (see online supplemen-
tary figure S1).

To investigate whether upregulation of IL-5 and IL-13
was allergen-dependent, the same coculture experiments as for
figure 1 were performed in eight patients with persistent asthma
who were sensitised to the latex allergen Hev b 6.02. When their
mDCs were pulsed with this recombinant allergen, the induction
of IL-5 (from 0.5 (0.3–0.6) ng/mL to 1.0 (0.9–1.4) ng/mL,
median (IQR), p<0.001) and IL-13 (from 0.3 (0.1–0.4) ng/mL
to 0.7 (0.4–0.9) ng/mL, median (IQR), p=0.01) was similar to
that observed with the complete latex extract (figure 2).

Upregulation of PD-L2 upon allergen pulsing of mDCs in
persistent asthma
Type 1 mDCs were defined as CD1c+CD11c+HLA-DR+ Lin1
(CD3, 14, 19, 56)− cells (see online supplementary figure S2A).
At baseline, the expression level of the costimulatory molecules
CD80, CD86, PD-L1 and PD-L2 was not significantly different
between mDCs from patients with persistent or cured asthma
(see online supplementary figure S2B). However, upon in vitro
stimulation with the relevant allergen extract (ie, flour or latex),
mDCs from patients with persistent asthma upregulated the
surface expression of PD-L2 (figure 3) (from 21.9 (15.4–29.4)%
to 34.2 (29.2–41.0)%, median (IQR), p=0.003), in contrast to
the mDCs from patients with asthma recovery (from 22.8
(20.4–33.2)% to 27.9 (20.5–32.8)%, median (IQR), p=0.3).

Upon allergen stimulation, no change was observed for the costi-
mulatory molecules CD80, CD86 and PD-L1 (data not shown).

We then performed similar experiments on mDCs from
patients with persistent asthma who were sensitised to the aller-
gen Hev b 6.02. When using the recombinant allergen, the
effect observed on PD-L2 expression was similar to what was
obtained with the allergen extract: proportion of PD-L2+ mDC
rose from 18.1 (14.4–25.9)% to 31.5 (28.9–41.4)% and to 31.2
(28.8–39.0)% (median (IQR), p<0.001 when pulsed with aller-
gen extract and Hev b 6.02, respectively (figure 4).

Th2 programming by mDCs from persistent patients is
reversed by exogenous IL-12 or PD-L2 blockade
Seven patients with persistent asthma (four sensitised to flour
and three sensitised to latex) gave their consent to undergo a
second leukapheresis. The online supplementary table S1 pro-
vides the characteristics of patients selected for this set of func-
tional experiments. To explore PD-L2 upregulation as an
underlying mechanism of Th2 priming upon allergen pulsing of
mDCs from patients with persistent disease, a blocking antibody
against human PD-L2 was added in the cocultures (figure 5),
blocking PD-L2 during the coculture led to a strong (∼75%)
decrease in the production of IL-5 (from 1.4 (0.9–1.5) ng/mL
to 0.5 (0.4–0.7) ng/mL, median (IQR)) and IL-13 (from 0.8
(0.6–0.9)) ng/mL to 0.3 (0.2–0.3)) ng/mL, median (IQR)),
whereas control mouse IgG had no effect. The flexibility of Th2

Table 1 Clinical characteristics of the patients

Persistent asthma (n=21) Cured asthma (n=11) p Value

Patients characteristics
Causal allergen, flour/latex 10/11 4/7 0.56
Gender, M/F 11/10 4/7 0.41
Age, year 45.5 (40.5–50.5) 52.0 (44.0–53.0) 0.19
Atopy (N, %)* 16 (76) 7 (63) 0.47
House dust mites 14 (67) 5 (45) 0.28
Pet dander (cat or dog) 9 (42) 4 (36) 1.0
Pollens (birch, grass or weeds) 14 (67) 4 (36) 0.14

Current or ex-smokers (N, %) 6 (28) 2 (20) 0.54
Smoking history, pack-years (at follow-up) 7 (3–31) 19 (6–32) 0.86
Duration of exposure before removal (months) 96 (51–207) 152 (78–234) 0.41
Time elapsed since removal from exposure, year 8.0 (5.0–11.5) 11.0 (7.0–12.0) 0.33

Initial assessment
ICS treatment (N, %) 8 (38) 3 (27) 0.62
ICS daily dose, μg† 800 (575–950) 800 (500–2000) 0.91
SABA use (N, %) 11 (52) 7 (64) 0.56
SABA use, puffs per week 1 (0–14) 2 (0–14) 1.0
FEV1, % predicted 90 (80–100) 100 (96–104) 0.05
FEV1/FVC ratio, % 72 (65.5–80) 80 (77–87) 0.03
Histamine PC20, mg/mL 1.2 (0.4–2.6) 1.4 (0.9–5.8) 0.44

Follow-up assessment
ICS treatment (N, %) 11 (52) 0 (0) NA
ICS daily dose, μg† 1000 (500–1000) 0 (0) NA
SABA use (N, %) 6 (28) 0 (0) NA
SABA use, puffs per week 7 (1–28) 0 (0) NA

FEV1, % pred 90 (78–96) 105 (97–107) 0.003
FEV1/FVC ratio, % 71 (65.5–75.5) 77 (74–79) 0.007
Histamine PC20, mg/mL 4.7 (1.7–7.5) 17.0 (16.0–21.0) <0.001

All data are expressed as median value with 25–75th CIs unless otherwise specified.
*Atopy was defined by a positive skin test response to at least one of 20 common inhalant allergens.
†Expressed as beclomethasone dipropionate equivalent; only ICS users are taken into account.
ICS, inhaled corticosteroids; NA, not applicable; SABA, inhaled short-acting β2-agonist.
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programming by mDCs from patients with persistent disease
was studied upon addition of exogenous IL-12 p70, which
could abolish IL-5 and IL-13 production in this model (0.05
(0.02–0.09) ng/mL, median (IQR) for IL-5 and 0.03
(0.02–0.08) ng/mL, median (IQR) for IL-13).

DISCUSSION
This study shows that mDCs from patients with asthma and per-
sistent disease despite avoidance of the causal allergen display
proTh2 features, being able to induce the Th2 signature cyto-
kines IL-5 and IL-13 in allogeneic CD4+ T cells, and upregulat-
ing the costimulatory molecule PD-L2 upon allergen pulsing. In
addition, the Th2 programming (induction of IL-5 and IL-13
production by T cells) is flexible in vitro upon addition of
exogenous IL-12 and partly dependent on PD-L2. To our
knowledge, these findings represent the first direct evidence of a

relationship between DC functionality and asthma persistence
in man.

Longitudinal studies looking at the outcome of asthma were
based on self-reported symptoms and questionnaires and used
variable definitions of asthma remission.17 18 In particular, most
did not take the possible persistence of NSBHR into account,
although this salient feature of asthma frequently persists
despite symptomatic improvement.19 In this study, we used a
strict definition of asthma remission based on the absence of
symptoms and medication use, and, more importantly, on the
resolution of NSBHR to histamine. In our population of sub-
jects with OA due to flour and latex, the proportion of those
with persistent NSBHR (66%) after cessation of exposure for a
median of 8 years was similar to what has been reported in pre-
vious systematic reviews on the outcome of OA.3 20 In addition,
we found that the persistence of asthma was associated with a

Figure 1 Cytokine production after
5 days of coculture between myeloid
dendritic cells (mDCs) and allogeneic
CD4+ T cells. Allergen-pulsed mDCs
from patients with persistent asthma
induce interleukin (IL) 5 and IL-13
production by allogeneic CD4+ T cells.
LPS-pulsed mDCs from both groups
induce significantly higher levels of
interferon γ in the coculture. Statistics:
Kruskal-Wallis multiple comparison test
followed by Dunn’s multiple
comparison test (*p<0.05; **p<0.01;
***p<0.001).

Figure 2 Interleukin (IL) 5 and IL-13
production is allergen-dependent:
myeloid dendritic cells from patients
with persistent asthma, allergy to latex
and sensitisation to Hev b 6.02 were
pulsed with latex extract or Hev b 6.02
allergen. The latex extract and
recombinant Hev b 6.02 were able to
induce the secretion of IL-5 and IL-13
by CD4+ T cells in the coculture.
Statistics: Kruskal-Wallis multiple
comparison test followed by Dunn’s
multiple comparison test (*p<0.05).
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significantly lower FEV1 and lower FEV1/FVC ratio at baseline,
suggesting that the severity of airway obstruction at the time of
the diagnosis is burdened with an increased risk of persistent
disease, as reported in population-based cohort studies.17 21

In contrast, other features such as duration of symptoms before
allergen avoidance failed to predict the outcome, as previously
observed.3

Little attention has been given to the mechanisms leading to
asthma remission,22 probably because current therapies are not
able to induce such an outcome, with the exception of allergen
immunotherapy in very selected patients.23 Moreover, the lack
of a proper experimental model makes it difficult to explore the
mechanisms underlying disease remission,22 particularly in
humans. In 2004, Maghni et al4 correlated sputum

inflammatory markers with disease outcome in patients with OA
who were no longer exposed to the causal allergen. They
showed that lack of improvement in BHR was linked to the
presence of persisting inflammatory features in sputum, includ-
ing higher eosinophil and neutrophil counts, as well as a higher
concentration of myeloperoxidase and IL-8. Furthermore, a
greater impairment in lung function at baseline and a longer
time lapse since diagnosis were both risk factors for asthma per-
sistence. Recently, another group explored immunological fea-
tures in subjects with complete remission of asthma (no
symptoms and no NSBHR), clinical remission of asthma (with
ongoing NSBHR), or ongoing mild asthma, as well as non-
asthmatic controls. No difference was found between ‘complete
remission’, ‘clinical remission’ and ‘ongoing asthma’ groups
regarding sputum eosinophil and neutrophil counts.24 As com-
pared with controls, all asthmatic groups had significantly
higher blood IgE and eosinophils, even those with ‘complete
remission’. In addition, no difference was found in the number
and function of blood regulatory T cells between these asthma
groups. The authors speculated that the persistence of low sup-
pressive T reg numbers in asthma might constitute a risk factor
for relapse in the ‘complete remission’ group. Thus, no study
has so far identified a specific cell type involved in asthma
remission.

Standing at the crossroad between innate and adaptive
immunity, DCs are able to skew immune response through cyto-
kine secretion and costimulatory molecules. For instance, the
OX40 ligand is a pro-Th2 signal induced by thymic stromal
lymphopoietin stimulation,16 whereas immune costimulator
expression on DCs seems protective for asthma by promoting
regulatory T cell generation.25 In the present study, we show
that allergen pulsing of DCs from patients with persistent
asthma induces the upregulation of PD-L2. PD-1 family includes
PD-L1 (also named B7-H1), expressed by B cells, DCs and T
cells, PD-L2 (B7-DC), expressed by DCs and macrophages, and
PD-1, expressed by T cells and other lymphoid cells.26 PD-1

Figure 3 Programmed death-ligand 2
(PD-L2) expression on myeloid
dendritic cells from patients with
persistent asthma is increased after
exposure to allergen extract. Statistics:
Kruskal-Wallis multiple comparison test
followed by Dunn’s multiple
comparison test.

Figure 4 Programmed death-ligand 2 (PD-L2) expression on myeloid
dendritic cells from patients with persistent asthma and sensitised to
latex is increased after exposure to recombinant allergen Hev b 6.02.
Statistics: Kruskal-Wallis multiple comparison test followed by Dunn’s
multiple comparison test.
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signalling blocks T cell clonal expansion by inhibiting
phosphatidylinositol-3-kinase and Akt activation.26 However,
although PD-L1-driven inhibition is largely documented,
notably in cancer immunity,27 the precise role of PD-L2, the
other ligand for PD-1, remains elusive since studies on PD-L1
and PD-L2 pathways in murine asthma resulted in conflicting
results. Whereas both molecules upregulate upon challenge,28

Akbari et al9 showed that PD-L1−/− mice had reduced BHR,
while PD-L2−/− mice were protected against ovalbumin-induced
experimental asthma. Recently, Lewkovitch et al demonstrated
that a high PD-L2 expression on lung mDCs in humans corre-
lated with disease severity8 and peaked in mice around 24 h
post challenge while PD-L2 (and not PD-L1) blockade resulted
in decreased NSBHR and inhibition of IL-13-induced gene
expression. However, as PD-L2 blockade failed to inhibit Th2
cytokine expression, the authors postulated about unidentified
ligand(s) to PD-L2 that might have different effects. In addition,
viral infections, that represent a classical risk factor for
asthma,29 also trigger upregulation of PD-L1, PD-L2 and
OX40-L on airway DCs in mice,30 and this correlated with
inflammatory cytokines in bronchoalveolar lavage (BAL). Our
data show that allergen stimulation upregulated PD-L2 on
human mDCs. Interestingly, this response was selectively
observed in DCs from patients with persistent OA, and PD-L2
blockade could almost completely abrogate DC-driven IL-5 and
IL-13 production in vitro by allogeneic CD4+ T cells.
Therefore, the PD-L2/PD-1 axis could represent a pro-Th2
pathway involved in human asthma.

The molecular mechanisms underlying persistent abnormal
DC function and asthma, however, remain elusive. A possibility
is that patients with more severe airway disease at the onset
display sustained cellular changes due to epigenetic modifica-
tions of Th2-related genes. A second hypothesis is that environ-
mental factors independent from the culprit antigen, such as
bacterial superantigens, directly maintain DC activation31 and
‘take over’ the allergens following avoidance of exposure.
However, no change in costimulatory molecule expression has
been reported upon DC stimulation by superantigens. Also,
although these data provide potential mechanisms involved in
asthma recovery, some limitations should be considered. First,
the design of the study did not allow to determine at which
time point those differences in mDC biology occurred since the
mDCs were not assessed before cessation of exposure.
Prospective studies, starting from the time of OA diagnosis,
should be conducted in the future to address this issue. These
studies should also take into account other potential confound-
ing factors, such as the potential effects of intermittent occupa-
tional or even non-occupational exposures to the causal

allergens and the effects of environmental exposure to ubiqui-
tous allergens in atopic subjects on the outcome of asthma. It is,
however, very unlikely that such exposures may have signifi-
cantly affected the outcome of asthma in this population of sub-
jects since the participants were carefully questioned and those
who reported repeated exposures were excluded from the study.
Also, the proportion of atopic subjects was similar among the
participants with cured and persistent asthma. In addition, a
recent systematic review of existing evidence failed to document
any effect of atopic status on the outcome of OA.32 Second,
only blood mDCs were studied; although several studies indicate
a link between systemic and local DCs,33 34 it is likely that
blood DCs only partly reflect airway DCs, due to the absence of
mucosal factors potentially involved in DC regulation within the
bronchial mucosa.35 Third, while OA represents a very interest-
ing model, it remains uncertain whether findings could be extra-
polated to allergic asthma driven by common allergens.

In conclusion, our findings show that in subjects with
IgE-mediated asthma driven by occupational allergens, the
disease outcome (persistence vs remission) is associated with dis-
tinct phenotypical and functional features of blood mDCs.
mDCs from patients with persistent disease are imprinted with
the aberrant capacity to induce Th2 cytokine responses in vitro.
In addition, they upregulate, upon allergen pulsing, the expres-
sion of PD-L2, which partially mediates this pro-Th2 activity.
Therefore, these data contribute to unveiling immune mechan-
isms involved in asthma remission in man, pointing to PD-L2 as
the key molecule promoting persistent Th2 immunity in this
disease. Whether targeting this pathway could promote
improvement, and potentially remission, in allergen-driven
asthma needs further investigation.
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Figure 5 Programmed death-ligand 2
(PD-L2) mediates Th2 cytokine
induction by myeloid dendritic cells
(mDCs) from patients with persistent
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PD-L2 inhibited about 70% of
interleukin (IL) 5 and IL-13 production
by mDCs from seven patients with
persistent asthma, unlike control
murine IgG. Addition of IL-12p70 in
the coculture completely abolished IL-5
and IL-13 production. Statistics:
Kruskal-Wallis multiple comparison test
followed by Dunn’s multiple
comparison test.
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 Material and methods 

Cell staining and analysis 

The following monoclonal antibodies (mAbs) were used for flow cytometry: FITC-conjugated Abs to 

Lin 1 (CD3, 14, 16, 19, 20, 56) (clones NCAM16.2, MφP9, L27, SJ25C1, 3G8, SK7), CD4 (clone RPA-T4), 

isotype-matched control IgG (clone MOPC-21, BD Pharmingen, San Diego, CA, USA); PE-conjugated 

Ab to isotype matched control (clone MOPC-21, BD Pharmingen, San Diego, CA, USA), CD80 (clone 

L307.4), CD86 (clone 2331 -FUN-1-); PerCP-conjugated Ab to HLA-DR (clone G46-6) and isotype-

matched control IgG (clone X39, BD Pharmingen, San Diego, CA, USA); APC-conjugated Ab to CD1c 

(clone L161, eBioscience, San Diego, CA, USA), CD11c (clone B-ly6); PE-Cy7-conjugated Ab to CD3 

(clone HIT3a, Biolegend, San Diego, CA, USA), and isotype-matched control IgG (clone MOPC-21, BD 

Pharmingen, San Diego, CA, USA). 

For immunostaining, 5-10 x 105 cells per sample were saturated with a solution of PBS-20% human 

serum for 30 minutes, to block Fc-receptors. After washes, cells were stained with fluorochrome-

labelled antibodies (at concentrations according to manufacturer’s guidelines) for 45 minutes at 4°C, 

and fixed with 0.625 % formaldehyde. 



Flow cytometry analysis was performed using a FACS CantoTM II (BD Biosciences, San Diego, CA, USA). 

At least 10,000 events were read and results were analyzed with Flowjo software vX.0.7 (Tree Star, 

Ashland, OR, USA). 

Cytokine assays 

Cytokine levels were assayed in culture supernatants by sandwich ELISA, using paired antibodies for 

detection of human IL-5 (MAB405 / BAM6051), IL-13 (MAB213 / BAF213) (R&D, Minneapolis, MN 

USA), IFN- (MAB2852/BAF285), and IL-10 (BD554705 / BD554499, BD Pharmingen, San Diego, CA, 

USA). Detection limits were 8 pg/mL for IL-13 and 16 pg/mL for IFN- γ, IL-10 and IL-5. 

96-wells plates were coated with capture antibody overnight and then saturated for 1h with PBS 

containing 1% bovine serum albumin (BSA). After 3 washes with PBS-Tween 20 0.05%, 50 µL of each 

sample were incubated for 2 hours at room temperature. Biotinylated antibodies were added and 

incubated for 1 hr, and reaction was revealed by adding 50 µL of 0.01% streptavidin conjugated with 

horseradish peroxidase (BD Pharmingen, San Diego, CA, USA) for 30 minutes, followed by TMB 

(TetraMethylBenzidine, Thermo fisher, Meridian, Rockford, USA). After stopping the reaction with 

100μl of 1.8M H2SO4/well, absorbance was read at 450 nm, using an ELISA microreader (Bio-Rad, 

Model 3550, Hercules, CA, USA). Concentrations were expressed in pg or ng/mL as referred to 

recombinant standards. 



 Supplementary table 

Table SI: Characteristics of patients for blocking experiments 

Patients’ characteristics (N=7) 

Causal allergen, flour/latex 4/3 

Gender, M/F 4/3 

Age, years 47 (39-50) 

Atopy (N, %)* 5 (71) 

Current or ex-smokers 2 (28) 

Smoking history, pack-years (at follow-up) 3, 7 

Duration of exposure before removal (months) 107 (51-210) 

Time elapsed since removal from exposure, years 8 (5-13) 



Supplementary figures 
Figure S1: IL-10 and IL-9 production at the end of co-culture between mDCs and allogeneic CD4+ T 45 
cells.  

 
 
 



Figure S2: Flow cytometry analysis of type 1 mDCs. Panel A: The purity reaches about 95%, based on  

the expression of HLA-DR, CD1c, CD11c and the absence of expression of Lin 1 (CD3, 14, 16, 19, 20,  

56) cocktail antibodies. Panel B: Surface expression of CD80, CD86, PD-L1 and PD-L2 on mDCs from 

patients with persistent and cured asthma at baseline. There was no significant difference in the 

level of expression of these markers between patients with persistent or cured asthma. 
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