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Background: Specific subcutaneous immunotherapy (SCIT) can achieve long-term remission in patients with allergic
rhinitis (AR) through complex and still unknown mechanisms. The aim of this study is to evaluate the effect of SCIT
over CD16" and CD16™ monocytes, myeloid (mDCs) and plasmacytoid dendritic cells (pDCs) in patients with AR,
comparatively to pharmacological standard treatment (non-SIT).

Methods: The relative frequency and absolute number of monocytes and DC subsets, the frequency of these cells
producing TNFa after in vitro stimulation with Dermatophagoides pteronyssinus (Dpt) extract, and the expression
levels of receptor-bound IgE or IgG were assessed by flow cytometry, in peripheral blood samples from 23 healthy
individuals (HG) and 43 participants with AR mono-sensitized to Dpt; 10 with non-SIT treatment and 33 under SCIT,
just before (SCIT-T0) and 4 h after administration (SCIT-T4). Moreover, IFNa mRNA expression was evaluated in purified

Results: After SCIT administration we observed a strong decrease of circulating pDCs, although accompanied by
higher levels of IFNa mRNA expression, and an increase of circulating CD16" monocytes. AR participants under SCIT
exhibited a higher expression of receptor-bound IgE in all cell populations that expressed the high affinity receptor for
IgE (FceRl) and a higher frequency of CD16™ monocytes producing TNFa. Conversely, we observed a decrease in the
frequency of mDCs producing TNFa in AR under SCIT, similar to the observed in the control group.

Conclusions: SCIT seems to induce numeric, phenotypic, and functional changes in circulating monocytes and
dendritic cells, contributing at least in part to the well described immunological alterations induced by this type of
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Background

Allergic rhinitis (AR) is an inflammation of the nasal
mucous membranes mainly caused by immunoglobulin
(Ig)E-mediated allergic reactions to otherwise innocuous
inhaled aeroallergens, including pollen grains, mold
spores, house dust mites and animal dander [1, 2]. AR
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has significant effects on the quality of life of patients,
many of which are inadequately controlled. In fact, a
study in Canada shows that many AR patients experience
symptoms that could benefit from better treatment.
A portion of the total disease burden is represented by
common comorbid conditions such as asthma, sinusitis,
nasal polyposis, and sleep apnea. But nasal congestion
and runny nose have been reported as the most
bothersome symptoms [3, 4]. AR and its symptoms are
ultimately triggered by IgE-mediated immune responses
against a foreign protein [1].
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Antigen-presenting cells (APCs), especially dendritic
cells (DCs), are known to play a fundamental role in
the onset of allergic sensitization and in the repeated
activation of Th2-mediated responses. Furthermore,
DCs are thought to be a source of crucial Th2-attracting
chemokines, including CCL17 (TARC or thymus and
activation-regulated chemokine) and CCL22 (MDC or
macrophage-derived chemokine) [5]. Moreover, FceRI
can also be found in the cell membrane of DCs and in
a small subpopulation of monocytes. Therefore, the
endocytosis of FceRI-bound IgE by these cells could
either result in degradation (IgE clearance) [6], or if the
allergen is present in the complex, in the processing and
peptide loading in nascent MHC class II molecules [7,
8]. Allergen specific immunotherapy (SIT) is thus far the
only treatment option that changes the immunologic
mechanism of allergy thereby modifying the natural
course of the disease with the potential for long-term
benefits as well as preventing sensitizations to new
allergens. SIT consists in allergen administration to
decrease sensitivity to the allergen; typically, through
sublingual delivery (SLIT) or subcutaneous injections
(SCIT).

The exact mechanisms underlying the clinical efficacy
of SCIT treatment are not yet fully elucidated, although
they are known to involve the induction of serological
changes. These changes include the induction of a
subclass of allergen-specific IgG antibodies with potent
inhibitory activity against IgE that persists after treatment
discontinuation, or changes in IgE serum levels, as well as
changes in immune cells [9] by a widespread mechanism
which includes the modulation of mast cells, basophils,
T and B cells, and IgE production [9-15]. SCIT can also
regulate immune responses by increasing the production
of pro-inflammatory cytokines by DCs, such as IFNa and
IL-6, and restoring their ability to respond to stimuli [9,
16].

The aim of this study was to evaluate the effect of SCIT
with Dermatophagoides pteronyssinus (Dpt) extract over
peripheral blood monocyte and DC subpopulations
in Dpt-allergic AR participants, and compare it with
conventional pharmacological treatment. For this
purpose, we determined by flow cytometry the frequency
of monocyte subpopulations and myeloid DCs (mDCs)
producing TNFa after in vitro stimulation with Dpt, as
well as the expression levels of receptor-bound IgE and
IgG to their specific receptors, in CD16" and CD16~
monocytes, mDCs, and plasmacytoid dendritic cells
(pDCs) prior to and 4 h after allergen injection. Since
stimulation of monocytes significantly downregulates
CD16 expression [17-19], intermediate and non-classical
monocytes became very difficult to identify after the
stimulation procedure. In the case of Dpt stimulation,
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the effects observed over CD16 expression were lower
than the previously described, but it remained difficult
to properly identify intermediate and non-classical
monocytes. Therefore, monocyte subpopulations
were divided into CD16" (including non-classical
and intermediate) and CD16~ (classical) monocytes.
Moreover, we evaluated IFNa mRNA expression in
purified pDCs by qRT-PCR.

Methods

Participants

This study included a control group of 23 individuals (11
women and 12 men, with an average of 28+9 years of
age) without medical history of allergic disease, without
any treatment with immunomodulatory drugs, and
free from autoimmune diseases and active infection
(HG); a group of 10 participants (7 women and 3 men,
with an average of 2747 years of age) with respiratory
allergy (rhinitis, with or without allergic asthma) to
house dust mite Dermatophagoides pteronyssinus
(Dpt), under conventional pharmacological treatment
and that had never been submitted in the past to
sublingual or subcutaneous immunotherapy (non-
SIT); and 33 participants (14 women and 19 men, with
an average of 31411 years of age) with respiratory
allergy, rhinitis and allergic controlled asthma to
Dpt, submitted to maintenance SCIT (polymerized
glutaraldehyde Dpt extract, Bial-Aristegui, Bilbao,
Spain) for at least 1 year (with a mean treatment
period of 28+13 months) (SCIT). The SCIT group
was further subdivided according to injection time, to
compare treatment efficacy: immediately before SCIT
administration (SCIT-T0) and 4 hours after treatment
administration (SCIT-T4). Inclusion criteria for this
group of allergic participants included absence of active
infection and inflammation and/or other concomitant
clinical disorders. At the moment of the treatment
implementation, the diagnosis of persistent moderate/
severe rhinitis (ARIA Classification), and the presence of
concomitant mild persistent controlled asthma (GINA
Classification) were not exclusion criteria [20, 21].

All AR participants were clinically evaluated according
to symptoms, positive skin prick tests, and serum
specific IgE assays to Dpt (ImmunoCAP Specific IgE,
Thermoscientific, Uppsala, Sweeden).

Skin prick tests to a panel of aeroallergens (including
house dust and storage mites, moulds, pollens from
Poaceae, weeds and trees representative of the region,
cat and dog dander by BialAristegui, Bilbao, Spain),
as well as histamine hydrochloride (10 mg/ml) and
saline, as positive and negative controls, respectively
(BialAristegui, Bilbao, Spain), were performed in all
the participants. Lancets with 1 mm were used for skin
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pricking (Stallergenes, Antony France). The mean of the
longest and the midpoint orthogonal diameters (mean
diameter) of wheal size were considered for analysis and
a wheal diameter >3 mm greater than that induced by
the negative control was regarded as positive [22].

In all AR participants, specific nasal challenge test
had demonstrated the etiology, according to standard
procedures [23]. Nasal provocation tests (NPT) were
performed first with saline solution applying two
consecutives puffs (total volume of 0.10 ml) to the inferior
nasal turbinate of the less congested nostril, using a nasal
applicator spraying. Patients were asked to perform
apnea during the allergen spraying. If negative, 10 min
later, they were submitted to the previous protocol using
a Dermatophagoides pteronyssinus extract (0.23 pg of Der
p 1, BialAristegui, Bilbao, Spain). They were evaluated
for the following 10 min according to the total nasal
symptom score (attending sneezing, nasal pruritus,
rhinorrhea, nasal obstruction, and ocular symptoms) and
by the measure of the peak nasal inspiratory flow (PNIF).
The test was considered positive if the patients achieved
subjective and objective measures: increase of >5 points
in the total nasal symptom score and a flow decrease of
>40% of PNIF related to basal ratios [23, 24].

In the SCIT group, a second nasal challenge test was
performed 1 month before the study. The test was
negative for 25 participants, 5 participants showed
response to an allergen concentration 100-fold higher,
and the other 3 participants to a concentration 1000-fold
higher than the initial dose previously used to confirm
the diagnosis.

At the time of the study, the active group of
participants was completely free of symptoms and
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no rescue medication or nasal anti-inflammatory
therapy was needed. In the allergic control group (non-
SIT), treatment was implemented according to the
recommended guidelines (oral systemic anti-histamines,
nasal and bronchial corticotherapy and bronchodilators
for patients with asthma). Of note, all the analyses were
performed during a period of clinical stabilization in
both AR groups.

The clinical and laboratorial characteristics of all
participants included in this study are presented in
Table 1.

Ethical standards

All the participants with an allergic disease were selected
from the Immunoallergology outpatient Department
from Centro Hospitalar e Universitario de Coimbra.

The study protocol was approved by the Ethical
Committee from Coimbra University —Hospital
(document number HUC-49-10) and all participants gave
their signed informed consent.

TNFa expression in monocyte subpopulations and mDCs
after in vitro stimulation with Dpt

Peripheral blood samples were collected from allergic
participants and healthy individuals into lithium heparin
(Becton—Dickinson Biosciences, BD, San Jose, CA,
USA) and K3-EDTA tubes (BD). Duplicates of 500 pL
of lithium heparin anticoagulated peripheral blood were
diluted 1/2 (vol/vol) in RPMI-1640 medium (Roswell
Park Memorial Institute, Gibco, Carlsbad, USA) and
Brefeldin A (Sigma-Aldrich, St. Louis, USA) was added
to each tube leading to a final concentration of 10 pg/ml
in each tube, to prevent the release of cytokines outside

Table 1 Clinical and laboratorial characteristics of the individuals included in the study

HG (n=23) Non-SIT (n=10) SCIT (n=33)

Age (years)

Mean £+ SD 2849 27+7 31+M1

Range 18-50 19-39 17-61
Gender

Male 522% (n=12) 30% (n=3) 57.6% (n=19)

Female 478% (n=11) 70% (n=7) 424% (n=14)
Clinical parameters

Time from disease onset (years) NA 10+£7 12+8

Time under SCIT (months) NA NA 28+13

Presence of Asthma NA 40% (n=4) 43% (n=13)
Laboratorial parameters

Total serum IgE (t-IgE) (kU/L) NA 2954231 5144787

Serum specific IgE (s-IgE) (kU,/L) NA 48427 45435

The results were given by mean =+ standard deviation (SD)
NA not applicable
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the cells. One of the tubes was stimulated with an extract
of the allergic protein Der p 1, from Dpt (23 pug/ml Der
p 1, Bial-Aristegui®, Bilbao, Spain) and the unstimulated
sample was used as negative control. Both tubes were
incubated for 6 h at 37 °C in a humidified atmosphere
with 5% of CO,.

Each cultured sample was aliquoted (300 pl) into
one tube and stained with CD16-Pacific Blue (PB,
clone 3G8, Biolegend, San Diego, USA), HLA-DR-
Fluorescein Isothiocyanate (FITC, clone Immu-357,
Beckman Coulter, Marseille, France), CD11c-Peridinin-
chlorophyll protein cyanine 5.5 (PerCP-Cy5.5, clone
Bul5, Biolegend), CD45-Pacific Orange (PO, clone
HI30, Life Technologies, New York, USA), CD14-
Allophycocyanin-hilite 7 (APC-H7, clone M¢P9, BD)
and CD33-Allophycocyanin (APC, clone P67.6, BD)
for 15 min in the dark at room temperature (RT). All
samples were subjected to a permeabilization and
staining protocols for the analysis of intracellular
expression of TNFa-Phycoerythrin (PE, clone MAb11,
BD) in mDCs and monocyte subsets. Samples were
centrifuged twice (5 min at 540 g) in 2 ml of phosphate-
buffered saline (PBS), resuspended in 0.5 ml of PBS and
stored at 4 °C before acquisition.

IgE and IgG bound to their specific receptors

on the membrane of monocytes and dendritic cells

Each sample was aliquoted (300 pl) into one tube and
stained with anti-IgE-PE (clone BE5, EXBIO Praha,
Vestec, Czech Republic), anti-IgG-FITC (clone G18-
145, BD), anti-HLA-DR- PerCP-Cy5.5 (clone G46-6,
BD), anti-CD123-APC (clone AC145, Miltenyi Biotec;
Bergisch, Gladbach, Germany), anti-CD16-PB (clone
3G8, Biolegend), anti-CD14-APC-H7 (clone M¢P9,
BD) and anti-CD45-krome orange (clone J.33, Beckman
Coulter) for 15 min in the dark at RT. Then samples were
incubated with 2 ml of FACS Lysing solution (BD) for
10 min in the dark at RT and centrifuged for 5 min at
540 g. The supernatant was discarded and the cell pellet
was washed twice in 2 ml of PBS with centrifugation of
5 min at 540 g, resuspended in 0.5 ml of PBS, and stored
at 4 °C before acquisition.

Flow cytometry data acquisition and analysis
Data acquisition was performed in a FACSCanto" II
flow cytometer (BD) and analyzed with Infinicyt" 1.4
software (Cytognos SL, Salamanca, Spain).

mDCs were characterized by the high expression of
CD33, HLA-DR and IgE bound to its receptor, lower
SSC light dispersion properties, lower CD45 expression
compared to monocytes, and absence of CD16 and
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CD14 expression (Fig. 1); pDCs were characterized by
the high levels of CD123 and HLA-DR expression, and
absence of CD33 expression (Fig. 1); CD16" monocytes
were characterized by the bright CD45 expression, as
well as expression of CD16; finally, classical or CD16™
monocytes were characterized by high levels of CD14 in
the absence of CD16, together with high expression of
CD33 and HLA-DR (Fig. 1).

Cell sorting and purification of pDCs

6 ml of peripheral blood collected in K3-EDTA were
lysed with ammonium chloride (NH,CL, Sigma-Aldrich)
for 20 min horizontally at RT. After incubation, samples
were centrifuged at 540 g for 5 min, the supernatant was
discarded and the cell pellet was incubated with HLA-
DR-FITC (clone Immu-357, Beckman Coulter), CD33-PE
(clone P67.6, BD), CD14-PerCP-Cy5.5 (clone M5E2, BD
Pharmingen, San Diego, USA), CD16-PE-Cy7 (clone
3@G8, BD Pharmingen) and CD123-APC (clone 7G3, BD)
for 20 min in the dark, at RT. After washing twice with
PBS (540 g, 5 min), pDCs were purified in a FACSAria
II cell sorter (BD), based on their positivity to HLA-DR,
strong positivity for CD123, and negativity for CD14 and
CD16. Purified cells were stored at — 80 °C. The purity of
the sorted cells was > 95%.

Evaluation of IFNa mRNA expression by qRT-PCR

Cell suspensions were centrifuged for 5 min at 300 g and
the pellet was resuspended in 350 pl of RLT Lysis Buffer
(Qiagen, Hilden, Germany). Total RNA was extracted
and purified in QIAcube (Qiagen) with RNeasy' Micro
Kit (Qiagen) according to manufacturer’s instructions.
Total RNA was eluted in 50 pl of RNAse-free water.
RNA quantity and integrity were evaluated with a
6000 Nano Chip™ Kit in an Agilent 2100 bioanalyzer
(Agilent, Walbronn, Germany). Reverse transcription was
performed with SuperScript™" III First-Strand Synthesis
SuperMix for qRT-PCR (Invitrogen, Carlsbad, CA,
USA) according to supplier’s instructions, and relative
quantification of gene expression was performed in
a LightCycler™ 480 II (Roche Diagnostics, Rotkreuz,
Switzerland) by a real time (qRT)-PCR reaction. To select
optimal housekeeping genes, normalization of gene
expression was executed with geNorm Housekeeping
Gene Selection Human Kit (Primer Design, Southampton,
UK) and geNorm" software (Center for Medical
Genetics, Ghent University Hospital, Ghent, Belgium).
qRT-PCR was done with QuantiTect SYBR Green PCR
Kit Gene expression, using optimized primers for IFNa
and endogenous controls as beta-actin (ACTB) and
glyceraldehyde 3-phosphate dehydrogenase (GAPDH)
(Qiagen), according to the manufacturer’s instructions.
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Fig. 1 Phenotypic characteristics of peripheral blood classical (CD167), intermediate and non-classical monocytes (CD16™), mDCs, and pDCs.
Bivariate dot plot histograms illustrating the phenotypic strategy for the identification of the different monocyte subpopulations, pDCs and mDCs
from peripheral blood. Classical monocytes (CD167, blue events) express CD14 in the absence of CD16, they also show high reactivity for CD33, and
HLA-DR; intermediate monocytes (CD16™, green events) are characterized as CD14-positive displaying an increasing positivity to CD16, together
with positivity for CD33, and HLA-DR; non-classical monocytes (CD16™, orange events) are CD16-positive with a decreasing expression of CD14,
presenting the lowest CD33 expression among monocytes subpopulations; mDCs (light blue events) are phenotypically characterized as negative
for CD14, CD16, and they present lower SSC properties and higher expression of HLA-DR, CD33 and IgE bound to high affinity FceRl compared to
monocytes; pDCs are characterized by the high levels of CD123, but lower than basophils and high levels of HLA-DR expression
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Statistical analysis

The statistical analyses were performed using the
Statistical Package for the Social Sciences v. 20 (SPSS
Inc., Chicago, USA) software. The nonparametric Mann—
Whitney U test for independent variables, the parametric
Student’s t test, for comparing differences between
related groups, and the Spearman’s rank correlation, to
detect correlations between different parameters, were
performed and differences were considered statistically
significant when p <0.05.

Results

Relative and absolute quantification of peripheral blood
monocytes and DC subpopulations

After 4 h of SCIT administration we observed a strong
depletion of pDCs (SCIT-T4), though the percentage
and absolute values of these cells were higher in AR
participants independently of the therapeutic protocol
(non-SIT and SCIT-TO), when compared with the
control group (HG).
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On the other hand, after 4 h of SCIT administration,
the mean percentage and absolute value (number of
cell/pl) of CD16™ monocytes increased, despite those
values being significantly lower in AR participants
independently of the therapeutic protocol (non-SIT
and SCIT-TO0), compared with the HG.

mDCs were decreased in AR participants under
conventional pharmacological treatment (non-SIT),
whereas SCIT seemed to increase the percentage and
absolute value of these cells to similar levels observed in
the HG (Table 2).

Expression of receptor-bound IgE and IgG
The expression of receptor-bound IgE per cell in the SCIT
group was significantly higher compared to the control
and non-SIT groups, in all the studied cell populations
expressing the FceRI receptor (Fig. 2a, b).

The expression levels of receptor-bound IgG on mDCs
and CD16" monocytes were significantly lower in AR
participants, independently of the therapeutic protocol,
when compared with the control group (Fig. 2c).

Frequency of monocyte subpopulations and mDCs
producing TNFa following in vitro stimulation with Dpt
The frequency of CD16™ monocytes producing TNFa
did not differ between the studied groups. However, the
amount of TNFa produced per cell was clearly higher in
non-SIT group when compared with the other groups
(Fig. 3b). Conversely, no differences were observed in the
amount of TNFa produced per cell in activated CD16%
monocytes and mDCs between the studied groups
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(Figs. 4b and 5b), but the frequency of CD16™ monocytes
producing TNFa was markedly higher in the SCIT-TO
and SCIT-T4 groups (Fig. 4a). Finally, the frequency
of mDCs producing TNFa was higher in the non-SIT
group in comparison with the HG and the SCIT groups
(SCIT-TO and SCIT-T4) (Fig. 5a).

Correlation between receptor-bound IgE expression

and time under SCIT

Receptor-bound IgE expression in mDCs showed a
tendency to decrease over time under SCIT treatment,
almost reaching statistical significance (p=0.093, Fig. 6).
No correlations were observed for receptor-bound IgE or
IgG expression over time of SCIT treatment for all the
other cell subpopulations under study (data not shown).

IFNa mRNA expression in purified pDCs

IFNa mRNA expression among pDCs was significantly
higher in SCIT-T4 when compared to the other groups
(Fig. 7a). In addition, we observed a negative correlation
between IFNa mRNA expression in pDCs and the
frequency of pDCs among total leukocytes in the same
group (Fig. 7b).

Discussion

SIT is the only strategy that allows for immediate
and long-term clinical efficiency in the restraint of
the reactivity to the allergen, as well as the only one
having a preventive effect against the development of
new allergies [20]. However, not much is known about
the exact underlying mechanism responsible for the
therapeutic response to SIT. Growing evidence points
to a modulation of T cell differentiation, a process

Table 2 Frequency among total leukocytes (%, percentage) and absolute value (number of cell/uL) of peripheral blood
CD16™ monocytes, CD16" monocytes, myeloid (m)DCs and plasmacytoid (p)DCs

HG Non-SIT SCIT-TO SCIT-T4

CD16™ monocytes

% 293+157 512+124 4.08+1.14 3404+1.01

Absolute value 22864413241 419.36£156.73 307.01493.81 260.20499.59
CD16™ monocytes

% 0.32+0.20 0.1340.08° 0.1940.15° 03340.15¢

Absolute value 2447 £16.00 10.92 +6.90° 1429412.14° 2518 1299°
mDCs

% 0.21£0.08 0.13+0.07° 0.20+£0.10 0.19+£0.10

Absolute value 1621£7.12 9.77 £5.65° 14.87+£8.02 14.75+£10.02
pDCs

% 0.13+£0.10 024+£0.10 0.280.18° 0.05 0,03

Absolute value 9.88+6.52 19.524+10.23° 21.58414.36° 3554208

p<0.05 for 2 Control vs Non-SIT; b Control vs SCIT-TO; € Control vs SCIT-T4; @ Non-SIT vs SCIT-TO; ¢ Non-SIT vs SCIT-T4; f SCIT-TO vs SCIT-T4. The results were given by

mean = standard deviation
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Fig. 2 Receptor-bound IgE and IgG in monocyte and DC subpopulations. a, b Amount of receptor-bound IgE expressed per cell (MFI), measured

in the control group, non-SIT group and in SCIT group, immediately before treatment (T0) or 4 h later (T4), among CD16™ monocytes (a), and
myeloid (mDCs) and plasmacytoid (pDCs) dendritic cells (b). ¢ Amount of receptor-bound IgG expressed per cell (MFI) among CD16~ and CD16%
monocytes and mDCs. Mann-Whitney U test was used to compare control, non-SIT and SCIT-T0/T4 groups. Student’s t test was used to compare
SCIT-TO versus the SCIT-T4 group. The results were given by median with interquartile range. Statistical significant differences were considered when

p <0.05; *between the groups indicated in the figure
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Fig. 4 Frequency of TNFa producing cells (@) and relative amount of TNFa produced per cell (MFI) (b) among CD16™ monocytes, following

in vitro stimulation with Dermatophagoides pteronyssinus (activated state) or without stimulation (basal state), in the control group, non-SIT group
and SCIT group, immediately before treatment (T0) or 4 h after (T4). Mann-Whitney U test was used to compare control, non-SIT and SCIT-TO/T4
groups. Student’s t test was used to compare SCIT-TO versus the SCIT-T4 group. The results were given by median with interquartile range. Statistical
significant differences were considered when p < 0.05; *between the groups indicated in the figure

mainly regulated by APCs. Nonetheless, the impact of
SIT on APC subpopulations of allergic patients remains
unknown, along with the mechanisms through which
those changes are achieved. To address this issue,

in the present study we compared the effect of the
pharmacological treatment (non-SIT) and subcutaneous
immunotherapy (SCIT: before SCIT administration,
SCIT-TO; and 4 h after SCIT injection, SCIT-T4) in
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participants with AR. More specifically, we studied the
effects on the number, phenotype and the function of
peripheral blood monocytes, mDCs and pDCs, compared
to a control group of healthy individuals (HG).

Due to their location in the skin, respiratory tract, and
mucous membranes, APCs, and DCs in particular, are

one of the first cells to enter in contact with allergens
including allergenic substances administrated in SIT
[20]. Consequently, these cells are involved in the initial
signal of allergen sensitization and can control T cell
differentiation through their ability to prime T cells
into activated pro-inflammatory effector cell subsets or
suppressive anti-inflammatory regulatory T cell subtypes
[20, 21]. Additionally, DCs from participants with AR
have an increased number in the nasal mucosa and
selectively activate Th2 cell responses, promoting the
progression of the disease [21].

Regarding the percentage and absolute number of
cells, we observed that non-SIT treatment resulted in an
increase in the percentage and absolute number of pDCs
in peripheral blood. Likewise, a similar increase was
found in the SCIT-TO group. However, the percentage
and absolute number of peripheral blood pDCs, 4 h after
Dpt administration, were noticeably decreased. This
rapid effect over pDCs had been previously reported by
other authors [25-28]. Based on previous studies [28—
32], we hypothesized that the observed decrease after
SCIT was due to a specific migration of pDCs to the
site of allergen contact, after DC activation. However, it
is also possible that circulating pDCs were recruited to
draining lymph nodes.

In addition to the decrease in circulating pDCs, the
expression of IFNa mRNA by these cells was augmented
4 h after SCIT, in comparison with the control group,
which is in line with previous studies showing that
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IFNa production by pDCs is severely impaired in
allergic patients [9, 33], but can be restored through
SCIT treatment involving a complex and still unknown
mechanism [9]. The reduction of pDCs’ ability to
produce IFNa in allergic subjects is likely to be due to
a counter-regulation of the high affinity IgE receptor
(FceRI) signaling and antiviral responses in human pDCs
[9, 33]. Thus, the increase of IFNa production might be
indicative of a down-regulation of the FceRI pathway.
Furthermore, while type I interferons are widely
accepted as extremely potent antiviral cytokines, they
also have a role in the counter-regulation of Th2 and
Th17 cell responses [34]. Hence, up-regulation of IFN«a
expression by pDCs could aid in the skewing of T cell
responses from Th2 to Thl, in allergic patients.
Therefore, the observed decrease in circulating pDCs,
as well as the increase of IFNa mRNA expression, and the
clear negative correlation between these two parameters,
suggest an influx of pDCs that have the ability to promote
Th1 cell polarization into the allergen-exposed site.
Conversely, the number and percentage of circulating
mDCs were undisturbed in the two SCIT groups,
compared to the HG. Although some studies had
described that mDCs decline in number following
allergen challenge [35], the aforementioned study
by Dreschler et al., which focused specifically on
subcutaneous SIT treatment in allergic patients, reported
that the number of mDCs in peripheral blood was
unchanged [28]. It has been demonstrated that distinct
monocyte subpopulations exhibit distinct migratory

potential in response to inflammation [36]; besides, some
previous studies demonstrated that allergic patients
display different profiles of peripheral blood monocyte
subtypes, comparatively to healthy individuals, and that
allergen challenge differentially affects the numbers
of each subset, seemingly without affecting the total
number of monocytes [37, 38]. We also observed that
the percentage and absolute number of peripheral
blood CD16™ monocytes were reduced in non-SIT and
SCIT-TO groups, comparatively to the HG. However,
4 h after the subcutaneous administration of Dpt
extract, the number and the frequency of this monocyte
subpopulation in the SCIT-T4 group, increased and
reached similar values to those observed in the HG. The
increase of circulating CD16" monocytes after SCIT
administration suggests a higher degree of differentiation
of CD16~ monocytes into CD16" monocytes.
Furthermore, the percentage of this cell subset is often
augmented in situ during inflammatory diseases [39] and
DCs differentiated from CD16" monocytes have been
shown to reach more advanced levels of maturation and
have a greater ability to induce IL-4 production by T cells
than CD16~ monocyte-derived DCs [40].

Regarding the percentage and absolute number of
peripheral blood CD16~ monocytes, we did not find
significant differences between the studied groups, though
they appeared to be increased (without reaching statistical
significance) in non-SIT and SCIT-TO groups, compared
to the HG and SCIT-T4 groups, which is consistent with
the proposed theory of differential monocyte migration.
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In patients with allergic diseases, APCs in the skin or
oral and nasal mucosa display high amounts of surface
FceRI, and FceRI-bound IgE [41]. One of the most well
established effect of SCIT is to induce an initial rise in
allergen specific IgE, without significant illness effects,
immediately followed by a decline to pre-treatment levels
[9-12]. Furthermore, the amount of receptor bound-IgE
in basophils, eosinophils, DCs and monocytes has been
shown to be correlated with the levels of serum IgE, due
to the FceRI up-regulation triggered by the binding of IgE
to the high affinity receptor [42—45]. Moreover, SIT is
also associated with an increase in IgG levels, particularly
allergen-specific IgG1 and IgG4 [14, 15]. This increase
in the production of “blocking” antibodies, has been
suggested to be the responsible for IgE neutralization
during SIT through direct competition with IgE for
allergen binding [11, 13-15]. However, the topic is still
under debate; firstly, because the increase in the quantity
of IgG seems to occur after the first signs of therapeutic
efficacy, rather than before [12]; secondly, because
mucosal DCs and mast cells come directly in contact with
the allergen before IgG can exert their blocking activity
[12]; and, thirdly, because of the poor or non-existing
correlations between IgG levels and clinical benefit
[10-12, 14, 43, 46]. Therefore, we studied the amount
of receptor-bound IgE per cell, as well as the receptor-
bound IgG expression in different subpopulations of
APCs. In the SCIT-TO and SCIT-T4 groups there was a
significantly higher amount of receptor-bound IgE per
cell compared to the HG in all cell populations under
study; however receptor-bound IgG expression decreased
significantly 4 h after Dpt extract administration. The
elevated expression of FceRI bound-IgE observed in
the SCIT-TO group could be indicative of an increased
FceRI triggered by the elevated IgE serum levels in
allergic patients. On the other hand, 4 h after Dpt extract
administration, this condition seems to increase. There
also seems to be a negative correlation between the
amount of receptor-bound IgE per cell among mDCs and
the time under SCIT, which indicates that the treatment
has the potential to reduce specific IgE levels in the long
term, gradually decreasing IgE-mediated responses.

In our study, SCIT did not result in increased receptor-
bound IgG expression. In fact, receptor-bound IgG
expression by CD16" monocytes and mDCs was
significantly lower in the SCIT-T4 group than in the
control group. Besides, all allergic groups displayed less
receptor-bound IgG expression in mDCs than the HG.
This could be due to the anti-IgG antibody used for
IgG detection, which does not allow for differentiation
between IgG isotypes and, consequently, is unreliable
for the detection of a specific increase in IgG4 or IgG1
levels. Moreover, DCs in the steady state express only
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low levels of activating Fc receptors for IgG (FcyRs) but
express the inhibitory FcyR receptor (FcyRIIB or CD32B)
that is involved in maintaining tolerance. Hence we
could be targeting IgG bound to this receptor (CD32B)
in the healthy group, whereas IgG could be bounded
to activating receptors in the case of SCIT groups,
triggering completely different immune responses [47].
Furthermore, it has been recently proposed that the role
of IgG in the long-term clinical efficiency of SIT probably
involves an increase in the avidity of IgG-allergen binding
and therefore an increase in its blocking activity, rather
than enhanced serum levels [10, 14].

On the other hand, TNFa plays an important role in
allergic inflammation by stimulating the production
of allergen-specific IgE, chemokines, and Th2-type
cytokines [48, 49]. Additionally, monocytes and other
immune cells can be stimulated to produce pro-
inflammatory cytokines by FceRI activation and IgE
cross-linking. Therefore, TNFa levels are frequently
increased in allergic patients [50, 51]. Interestingly,
despite the higher amount of receptor-bound IgE per cell
observed within SCIT groups, we did not find significant
differences in the frequencies of TNFa producing cells
among CD16~ monocytes. But we found a higher TNF«
expression, at the single cell level, in non-SIT allergic
participants.

Among mDCs, the non-SIT group displayed higher
frequencies of TNFa producing cells. This, in addition to
the decrease in circulating mDCs within this group, is in
agreement with the activation and recruitment of mDCs
to the allergen-exposed tissue [50, 52]. In comparison
with the HG, neither the number of circulating mDCs,
nor the percentage of TNFa producing mDCs were
altered in the SCIT groups.

On the other hand, CD16" monocytes presented
higher frequencies of TNF« producing cells in the SCIT
groups (both at TO and T4 evaluations), in comparison to
the non-SIT group and HG.

Conclusions

In summary, our findings demonstrated that SCIT
induces significant changes in the homeostasis of
peripheral blood monocytes and DC subpopulations,
either in number or in their ability to produce pro-
inflammatory cytokines. Taken together, these results
contribute to a better understanding of the underlying
systemic mechanisms induced by SCIT on circulating
antigen presenting cells.

Abbreviations

AR: allergic rhinitis; APC: antigen presenting cells; DCs: dendritic cells;
pDCs: plasmacytoid dendritic cells; mDCs: myeloid dendritic cells; Dpt:
Dermatophagoides pteronyssinus; FcyRs: Fc receptors for IgG; FceRl: high



Sousa et al. Allergy Asthma Clin Immunol (2018) 14:45

affinity receptor for IgE; Ig: immunoglobulin; IFNa: interferon a; MHC: major
histocompatibility complex; RT: room temperature; SIT: allergen-specific

immunotherapy; SCIT: subcutaneous allergen-specific immunotherapy; TNFa:
tumor necrosis factor a.

Authors’ contributions

LS processed the samples, analyzed the results and participated in the writing
of the manuscript. CM analyzed part of the data and was a major contributor
in writing the manuscript. CP, GL and BT performed patients’selection, revised
the clinical data and reviewed the manuscript. SP performed the cell sorting
and AM performed the molecular biology analyses. AP interpreted the

results and reviewed the manuscript. All authors read and approved the final
manuscript.

Author details
! Stemlab, S.A, Biocant Park, Nticleo 4, Lote 2, Cantanhede, Portugal. 2 Flow

Cytometry Unit, Clinical Pathology Service, Centro Hospitalar e Universitario de

Coimbra, Praceta Prof. Mota Pinto, Ed. S. Jerénimo, 3° piso, 30001-301 Coimbra,
Portugal. * Immunoallergology Department, Centro Hospitalar e

Universitério de Coimbra, Coimbra, Portugal.  Portuguese Institute of Blood
and Transplantation, Coimbra, Portugal. > CIMAGO-Center of Investigation

on Environment Genetics and Oncobiology, Faculdade de Medicina da
Universidade de Coimbra, Coimbra, Portugal.

Acknowledgements
The authors thank Enzifarma—Diagnostica Farmacéutica Lda (Lisbon,
Portugal) for the financial support to this study.

Competing interests
The authors declare that they have no competing interests.

Availability of data and materials
The datasets analyzed during the current study are available from the
corresponding author on reasonable request.

Consent for publication
Not applicable.

Ethics approval and consent to participate
The study protocol was approved by the Ethical Committee from Coimbra
University Hospital and all participants gave their signed informed consent.

Funding
Funding information is not applicable.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Received: 8 January 2018 Accepted: 14 June 2018
Published online: 15 November 2018

References

1.

Skoner DP. Allergic rhinitis: definition, epidemiology, pathophysiology,
detection, and diagnosis. J Allergy Clin Immunol. 2001;108:52-8.

2. Min Y-G. The pathophysiology, diagnosis and treatment of allergic rhinitis.
Allergy Asthma Immunol Res. 2010;2:65.

3. Incorvaia C, Cavaliere C, Frati F, Masieri S. Allergic rhinitis. J Biol Regul
Homeost Agents. 2018;32:61-6.

4. Keith PK, Desrosiers M, Laister T, Schellenberg R, Waserman S. The burden
of allergic rhinitis (AR) in Canada: perspectives of physicians and patients.
Allergy Asthma Clin Immunol. 2012;8:7.

5. Mcllroy A, Caron G, Blanchard S, Frémaux |, Duluc D, Delneste Y,

et al. Histamine and prostaglandin E up-regulate the production of
Th2-attracting chemokines (CCL17 and CCL22) and down-regulate IFN-
gamma-induced CXCL10 production by immature human dendritic cells.
Immunology. 2006;117:507-16.

20.

21

22.

23.

24.

25.

26.

27.

28.

Page 12 of 13

Shin J-S, Greer AM. The role of FceRl expressed in dendritic cells and
monocytes. Cell Mol Life Sci. 2015;72:2349-60.

Foster B, Metcalfe DD, Prussin C. Human dendritic cell T and dendritic cell
2 subsets express FceRl: correlation with serum IgE and allergic asthma. J
Allergy Clin Immunol. 2003;112:1132-8.

Maurer D, Fiebiger E, Reininger B, Ebner C, Petzelbauer P, Shi GP, et al.

Fce receptor | on dendritic cells delivers IgE-bound multivalent antigens
into a cathepsin S-dependent pathway of MHC class Il presentation. J
Immunol. 1998;161(6):2731-9.

Tversky JR, Bieneman AP, Chichester KL, Hamilton RG, Schroeder JT.
Subcutaneous allergen immunotherapy restores human dendritic cell
innate immune function. Clin Exp Allergy. 2010;40(1):94-102.

Akdis M, Akdis CA. Mechanisms of allergen-specific immunotherapy. J
Allergy Clin Immunol. 2007;119:780-9.

. Cappella A, Durham S. Allergen immunotherapy for allergic respiratory

diseases. Hum Vaccin Immunother. 2012;8:1499-512.

Frew AJ. Allergen immunotherapy. J Allergy Clin Immunol.
2010;125:5306-13.

Jacobsen L, Wahn U, Bilo MB. Allergen-specific immunotherapy provides
immediate, long-term and preventive clinical effects in children and
adults: the effects of immunotherapy can be categorised by level of
benefit-the centenary of allergen specific subcutaneous immunotherapy.
ClinTrans! Allergy. 2012;2:8.

James LK, Shamji MH, Walker SM, Wilson DR, Wachholz PA, Francis JN,

et al. Long-term tolerance after allergen immunotherapy is accompanied
by selective persistence of blocking antibodies. J Allergy Clin Immunol.
2011;127(2):509-16.

Wachholz PA, Soni NK, Till SJ, Durham SR. Inhibition of allergen-IgE
binding to B cells by IgG antibodies after grass pollen immunotherapy. J
Allergy Clin Immunol. 2003;112:915-22.

Gill MA. The role of dendritic cells in asthma. J Allergy Clin Immunol.
2012;129:889-901.

Poehlmann H, Schefold JC, Zuckermann-Becker H, Volk H-D, Meisel C.
Phenotype changes and impaired function of dendritic cell subsets

in patients with sepsis: a prospective observational analysis. Crit Care.
2009;13:R119.

Walter GJ, Evans HG, Menon B, Gullick NJ, Kirkham BW, Cope AP, et al.
Interaction with activated monocytes enhances cytokine expression

and suppressive activity of human CD4+ CD45RO+ CD25+ CD127 (low)
regulatory T cells. Arthritis Rheum. 2013;65:627-38.

Yoon BR, Yoo S-J, ho Choi Y, Chung Y-H, Kim J, Yoo IS, et al. Functional
phenotype of synovial monocytes modulating inflammatory T-cell
responses in rheumatoid arthritis (RA). PLoS ONE. 2014;9:e109775.

Novak N. Targeting dendritic cells in allergen immunotherapy. Immunol
Allergy Clin North Am. 2006;26:307-19.

Bellini A, Vittori E, Marini M, Ackerman V, Mattoli S. Intraepithelial dendritic
cells and selective activation of Th2-like lymphocytes in patients with
atopic asthma. Chest. 1993;103:997-1005.

Skin tests used in type | allergy testing Position paper. Sub-committee
on skin tests of the european academy of allergology and clinical
immunology. Allergy. 1989;44(Suppl 10):1-59.

Loureiro G, Tavares B, Machado D, Pereir C. Nasal provocation test in the
diagnosis of allergic rhinitis. Allerg Rhinitis. 2012;10:153-82. https://doi.
0rg/10.5772/39069.

Augé J, Vent J, Agache |, Airaksinen L, Campo Mozo P, Chaker A, et al.
EAACI Position paper on the standardization of nasal allergen challenges.
Allergy. 2018. https://doi.org/10.1111/all.13416.

Charbonnier A-S, Hammad H, Gosset P, Stewart GA, Alkan S, Tonnel

A-B, et al. Der p 1-pulsed myeloid and plasmacytoid dendritic cells

from house dust mite-sensitized allergic patients dysregulate the T cell
response. J Leukoc Biol. 2003;73:91-9.

Vittorakis S, Samitas K, Tousa S, Zervas E, Aggelakopoulou M, Semitekolou
M, et al. Circulating conventional and plasmacytoid dendritic cell subsets
display distinct kinetics during in vivo repeated allergen skin challenges
in atopic subjects. Biomed Res Int. 2014;2014:231036.

Pilette C, Jacobson MR, Ratajczak C, Detry B, Banfield G, VanSnick J,

et al. Aberrant dendritic cell function conditions Th2-cell polarization in
allergic rhinitis. Allergy. 2013;68:312-21.

Dreschler K, Bratke K, Petermann S, Bier A, Thamm P, Kuepper M, et al.
Impact of immunotherapy on blood dendritic cells in patients with
Hymenoptera venom allergy. J Allergy Clin Immunol. 2011;127(2):487-94.


https://doi.org/10.5772/39069
https://doi.org/10.5772/39069
https://doi.org/10.1111/all.13416

Sousa et al. Allergy Asthma Clin Immunol

29.

30.

31.

32.

33

34.

35.

36.

37.

38.

39.

40.

41.

(2018) 14:45

de Heer HJ, Hammad H, Soullié T, Hijdra D, Vos N, Willart MAM, et al.
Essential role of lung plasmacytoid dendritic cells in preventing asthmatic
reactions to harmless inhaled antigen. J Exp Med. 2004;200:89-98.

Kool M, van Nimwegen M, Willart MAM, Muskens F, Boon L, Smit JJ, et al.
An anti-inflammatory role for plasmacytoid dendritic cells in allergic
airway inflammation. J Immunol. 2009;183:1074-82.

Jahnsen FL, Lund-Johansen F, Dunne JF, Farkas L, Haye R, Brandtzaeg

P. Experimentally induced recruitment of plasmacytoid (CD123high)
dendritic cells in human nasal allergy. J Immunol. 2000;165:4062-8.
Penna G, Sozzani S, Adorini L. Cutting edge: selective usage of chemokine
receptors by plasmacytoid dendritic cells. J Immunol. 2001;167:1862-6.
Gill MA, Bajwa G, George TA, Dong CC, Dougherty Il Jiang N, et al.
Counterregulation between the FceRI pathway and antiviral responses in
human plasmacytoid dendritic cells. J Immunol. 2010;184:5999-6006.
Huber JP, David Farrar J. Regulation of effector and memory T-cell
functions by type | interferon. Immunology. 2011;132:466-74.
Kerschenlohr K, Decard S, Przybilla B, Wollenberg A. Atopy patch test
reactions show a rapid influx of inflammatory dendritic epidermal cells in
patients with extrinsic atopic dermatitis and patients with intrinsic atopic
dermatitis. J Allergy Clin Immunol. 2003;111:869-74.

Geissmann F, Jung S, Littman DR. Blood monocytes consist of two
principal subsets with distinct migratory properties. Immunity.
2003;19:71-82.

Novak N, Allam P, Geiger E, Bieber T. Characterization of monocyte
subtypes in the allergic form of atopic eczema/dermatitis syndrome.
Allergy. 2002;57:931-5.

Kowal K, Moniuszko M, Dabrowska M, Bodzenta-Lukaszyk A. Allergen
challenge differentially affects the number of circulating monocyte
subsets. Scand J Immunol. 2012;75:531-9.

Mukherjee R, Kanti Barman P, Kumar Thatoi P, Tripathy R, Kumar Das B,
Ravindran B. Non-classical monocytes display inflammatory features:
validation in sepsis and systemic lupus erythematous. Sci Rep.
2015;5:13886.

Sanchez-Torres C, Garcfa-Romo GS, Cornejo-Cortés MA, Rivas-Carvalho A,
Sanchez-Schmitz G. CD16+ and CD16— human blood monocyte subsets
differentiate in vitro to dendritic cells with different abilities to stimulate
CD4+4T cells. Int Immunol. 2001;13:1571-81.

Novak N, Tepel C, Koch S, Brix K, Bieber T, Kraft S. Evidence for a differential
expression of the FceRly chain in dendritic cells of atopic and nonatopic
donors. J Clin Invest. 2003;111:1047-56.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51

52.

Page 13 of 13

Stone KD, Prussin C, Metcalfe DD. IgE, mast cells, basophils, and
eosinophils. J. Allergy Clin Immunol. 2010;125:573-80.

Lopes A, Azenha P, Teoddsio C, Indcio M, Silva |, Loureiro G, et al. Impact
of allergic rhinitis and specific subcutaneous immunotherapy on
peripheral blood basophils of patients sensitized to Dermatophagoides
pteronyssinus. Allergy Asthma Clin Immunol. 2013;9:40.

Dehlink E, Baker AH, Yen E, Nurko S, Fiebiger E. Relationships between
levels of serum IgE, cell-bound IgE, and IgE-receptors on peripheral blood
cells in a pediatric population. PLoS ONE. 2010;5:e12204.

Kubo S, Matsuoka K, Taya C, Kitamura F, Takai T, Yonekawa H, et al. Drastic
up-regulation of FceRl on mast cells is induced by IgE binding through
stabilization and accumulation of FceRl on the cell surface. J Immunol.
2001;167:3427-34.

Bousquet J, Hejjaoui A, Clauzel AM, Guérin B, Dhivert H, Skassa-Brociek
W, et al. Specific immunotherapy with a standardized Dermatophagoides
pteronyssinus extract. Il. Prediction of efficacy of immunotherapy. J Allergy
Clin Immunol. 1988;82:971-7.

Guilliams M, Bruhns P, Saeys Y, Hammad H, Lambrecht BN. The function
of Fcy receptors in dendritic cells and macrophages. Nat Rev Immunol.
2014;14:94-108.

Mo J-H, Kang E-K, Quan S-H, Rhee C-S, Lee CH, Kim D-Y. Anti-tumor
necrosis factor-alpha treatment reduces allergic responses in an allergic
rhinitis mouse model. Allergy. 2011,66:279-86.

Iwasaki M, Saito K, Takemura M, Sekikawa K, Fujii H, Yamada Y, et al. TNF-
alpha contributes to the development of allergic rhinitis in mice. J Allergy
Clin Immunol. 2003;112:134-40.

Pyle DM, Yang VS, Gruchalla RS, Farrar JD, Gill MA. IgE cross-linking
critically impairs human monocyte function by blocking phagocytosis. J
Allergy Clin Immunol. 2013;131:491-500.

Faith A, Singh N, Chevretton E, Roberts D, Lee T, Corrigan C, et al. Counter
regulation of the high affinity IgE receptor, FceRI, on human airway
dendritic cells by IL.-4 and IL-10. Allergy. 2009;64:1602-7.

Novak N, Bieber T, Katoh N. Engagement of FceRl on human monocytes
induces the production of IL-10 and prevents their differentiation in
dendritic cells. J Immunol. 2001;167:797-804.

Ready to submit your research? Choose BMC and benefit from:

fast, convenient online submission

thorough peer review by experienced researchers in your field

rapid publication on acceptance

support for research data, including large and complex data types

gold Open Access which fosters wider collaboration and increased citations

maximum visibility for your research: over 100M website views per year

K BMC

At BMC, research is always in progress.

Learn more biomedcentral.com/submissions




	Subcutaneous immunotherapy induces alterations in monocytes and dendritic cells homeostasis in allergic rhinitis patients
	Abstract 
	Background: 
	Methods: 
	Results: 
	Conclusions: 

	Background
	Methods
	Participants
	Ethical standards
	TNFα expression in monocyte subpopulations and mDCs after in vitro stimulation with Dpt
	IgE and IgG bound to their specific receptors on the membrane of monocytes and dendritic cells
	Flow cytometry data acquisition and analysis
	Cell sorting and purification of pDCs
	Evaluation of IFNα mRNA expression by qRT-PCR
	Statistical analysis

	Results
	Relative and absolute quantification of peripheral blood monocytes and DC subpopulations
	Expression of receptor-bound IgE and IgG
	Frequency of monocyte subpopulations and mDCs producing TNFα following in vitro stimulation with Dpt
	Correlation between receptor-bound IgE expression and time under SCIT
	IFNα mRNA expression in purified pDCs

	Discussion
	Conclusions
	Authors’ contributions
	References




