
OR I G I N A L A R T I C L E

Allergen-Specific Immunotherapy and Biologics

Der p 1‐specific regulatory T‐cell response during house dust
mite allergen immunotherapy

Tadech Boonpiyathad1,2,3,4 | Milena Sokolowska1,2 | Hideaki Morita1,5 |

Beate Rückert1 | Jeannette I. Kast1 | Marcin Wawrzyniak1 | Atik Sangasapaviliya3 |

Panitan Pradubpongsa3 | Rattanaporn Fuengthong3 | Pattarawat Thantiworasit4 |

Sunee Sirivichayakul4 | William W. Kwok6,7 | Kiat Ruxrungtham4 |

Mübeccel Akdis1 | Cezmi A. Akdis1,2

1Swiss Institute of Allergy and Asthma

Research, University of Zurich, Davos,

Switzerland

2Christine Kühne-Center for Allergy

Research and Education, Davos, Switzerland

3Department of Medicine, Phramongkutklao

Hospital, Bangkok, Thailand

4Faculty of Medicine, Chulalongkorn

University, Bangkok, Thailand

5Department of Allergy and Clinical

Immunology, National Research Institute for

Child Health and Development, Tokyo,

Japan

6Benaroya Research Institute at Virginia

Mason, Seattle, Washington

7Department of Immunology, University of

Washington, Seattle, Washington

Correspondence

Cezmi A. Akdis, Swiss Institute of Allergy

and Asthma Research, Davos Platz,

Switzerland.

Email: akdisac@siaf.uzh.ch

Funding information

Graduate School and faculty of Medicine

Chulalongkorn University Scholarship;

Christine Kühne-Center for Allergy Research

and Education (CK-CARE)

Abstract

Background: Allergen‐specific immunotherapy (AIT) is the only available treatment

for allergic diseases that can induce specific immune tolerance to allergens. The key

mechanisms involved in this process include changes in allergen‐specific regulatory

T (Treg) cells.

Methods: We studied 25 allergic rhinitis patients undergoing subcutaneous house

dust mite–specific immunotherapy. Peripheral blood mononuclear cells were studied

before and after 10, 30 weeks, and 3 years of AIT. Der p 1‐specific T regulatory cell

responses were investigated by characterization of Der p 1‐MHC class II tetramer–
positive cells and correlated with nasal symptom score.

Results: Twelve of 25 AIT patients matched with their MHC class II expression to the

Der p 1 peptide‐MHC class II tetramers. A significant increase in the numbers of Der p

1‐specific FOXP3+Helios+CD25+CD127− Treg cells after 30 weeks was observed,

which slightly decreased after 3 years of AIT. In contrast, Der p 1‐specific immunoglob-

ulin‐like transcript 3 (ILT3)+CD25+ Treg cells decreased substantially from baseline

after 3 years of AIT. ILT3+ Treg cells displayed compromised suppressive function and

low FOXP3 expression. In addition, Der p 1‐specific IL‐10 and IL‐22 responses have

increased after 30 weeks, but only IL‐10+ Der p 1‐specific Treg cells remained present

at high frequency after 3 years of AIT. Increased number of FOXP3+Helios+ and IL‐10+

and decreased ILT3+ Treg cell responses correlated with improved allergic symptoms.

Conclusion: The results indicate that AIT involves upregulation of the activated

allergen‐specific Treg cells and downregulation of dysfunctional allergen‐specific
Treg cell subset. Correction of dysregulated Treg cells responses during AIT is asso-

ciated with improved clinical response.
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1 | INTRODUCTION

Allergies are among the most common diseases worldwide, with

highly accelerating prevalence in the last decades.1 The pathophysiol-

ogy of allergic disease is complex and influenced by many factors,

including genetic susceptibility, route of exposure, antigen/allergen

dose, and time of exposure with stimulators of innate immune

response, such as infections or commensal bacteria.2-4 Seasonal and

perennial allergens can be inhaled and ingested and can enter the

body via the injured skin and induce an IgE‐mediated local or systemic

inflammatory process.5 Currently, allergen‐specific immunotherapy

(AIT) is the only curative treatment that induces clinical and immuno-

logical tolerance to causative allergens in allergic patients.6-9 AIT effi-

ciently decreases symptoms of allergic asthma, rhinitis, and insect

sting allergy.10-14 A primary feature of AIT is to change the course of

the disease by changing the underlying pathology on local and sys-

temic immune response.15 Immune tolerance to allergens is described

by an establishment of long‐term clinical tolerance.16

The mechanisms of action of T cells in AIT include induction of aller-

gen‐specific T regulatory (Treg) cells, increased secretion of IL‐10 and

TGF‐β, and increased expression of FOXP3, histamine receptor 2, and

other suppressive molecules in allergen‐specific Treg cells, which lead to

the suppression of type 2 immune response in the affected tissues and

peripheral blood.17 Successful AIT augments the key regulator popula-

tions of allergen‐specific Treg cells that produce IL‐10, TGF‐β, or both.18

Naturally occurring FOXP3+CD4+CD25+ Treg cells and inducible type 1

Treg (Tr1) cells contribute to the control of allergen‐specific immune

responses in several significant ways.19 IL‐10 reduces antigen‐specific
IgE and increases IgG4 levels.20 Also, the proportion of IL‐4‐secreting
Th 2 and Th17 cells decreases, whereas IFN‐γ‐secreting Th1 and IL‐10‐

secreting inducible Treg cells specific for the same allergenic epitope

increase in numbers in successful AIT. The same immunological events

are also observed in the development of a healthy immune response to

high dose of exposure of allergens in nonallergic individuals.17,21

Helios is a marker of T‐cell activation and proliferation, and Helios

enhances induced Treg (iTreg) cell function in cooperation with

FOXP3.22,23 Most of the Treg cells in healthy subjects and patients

with stable asthma are expressing FOXP3 and Helios, whereas during

asthma exacerbations there is a reduction in the number of FOX-

P3+Helios+ and an increase in the frequency of FOXP3+Helios− Treg

cells.24 The co‐expression of CD4+CD25+FOXP3+ and immunoglobu-

lin‐like transcript 3 (ILT3)+ represents the distinct Treg subset.25 As a

mechanism, ILT3 regulates the protein kinase CK2 activity and there-

fore may work as an inactivating factor of the regulatory function of

Treg cell, and protein kinase CK2 enables Treg cells to actively sup-

press excessive Th2 responses.21 The frequency of ILT3+ cells among

human CD4+CD25+FOXP3+ Treg cells of asthmatic patients was

found higher than in healthy controls.25 However, Helios and ILT3

expression on Treg cells has not been studied in AIT and we hypothe-

size that Treg cell subsets might be changed during AIT.

The investigation of allergen‐specific immune response by direct

analysis of human peripheral blood T cells without any further cell cul-

tures provides an efficient tool for the in‐depth investigation of changes

in allergen‐specific T cells in allergen tolerance during AIT. Peptide (p)‐
MHC class II tetramer staining is one of the methods to characterize

antigen‐specific CD4+ T cells. Such tetramers classically consist of com-

plexes composed of four MHC class II heterodimers loaded with the

peptide of the target allergen binding to a relevant T‐cell epitope.
House dust mite (HDM) is the most common indoor aeroaller-

gen. It may also serve as a carrier of bacteria responsible for the
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induction of IgE sensitization to microbial antigens.26 Patients allergic

to HDM can be successfully treated with HDM AIT.27 HDM‐reactive
IL‐5+IL‐13+CD27−CD161+CD4+ cells and ST2+CD45RO+CD4+ cells

were significantly lower in active responders to HDM sublingual

immunotherapy.28 In the present study, we treated patients allergic

to HDM with subcutaneous AIT, and Der p 1‐specific Treg cells

were analyzed in peripheral blood samples before and during the

course of AIT after 10, 30 weeks, and 3 years. Our results demon-

strate that the changes in Der p 1‐specific Treg cells during treat-

ment reflect the patient's T‐cell response to therapy and are also

partially linked to the clinical efficacy of the AIT.

2 | METHODS

2.1 | Subjects

Twenty‐five allergic rhinitis (AR) patients who qualified for subcuta-

neous HDM AIT were recruited from the Allergy Clinic, Department

of Medicine, Phramongkutklao Hospital, Bangkok, Thailand. All partic-

ipants met the following enrollment criteria: a history and objective

symptoms of HDM‐related and positive skin prick test (wheal diame-

ter ≥ 6 mm2 than negative control) with D. pteronyssinus extract (Alk‐
Abello, Round Rock, TX, USA). A 30‐week weekly dose escalation

protocol was performed with the subcutaneous administration of

standardized mite mixes, containing glycerin 50% v/v, phenol 0.4%

(preservative), D. pteronyssinus 5000 allergy units/mL, and D. farinae

5000 allergy units/mL (Alk‐Abello). After 30 weeks, patients under-

went 0.5 mL (1:10 concentration, 3.5 μg of Der p and 5 μg of Der f)

every 2‐4 weeks until 3 years. Peripheral blood mononuclear cells

(PBMCs) were isolated before and after 10, 30 weeks, and 3 years of

AIT. PBMCs were kept frozen in liquid nitrogen until analysis. Allergic

rhinitis symptoms were monitored with total nasal symptom score

(TNSS). The study protocol was approved by the Institutional Review

Board of Royal Thai Army's ethics committee (IRBRTA 67/2556) and

the Faculty of Medicine, Chulalongkorn University (IRB No. 193/60).

All patients were recruited after obtaining written informed consent.

2.2 | HLA‐DR typing

For HLA‐DR typing, genomic DNA was extracted from PBMCs using the

QIAamp DNA Blood Mini Kit (Qiagen, Valencia, CA, USA). HLA‐DRB1

low‐resolution and high‐resolution typing were performed using the All-

Set+™ Gold DR Low‐ and High‐Resolution SSP kits (Invitrogen, Carlsbad,

CA, USA), according to the manufacturer's protocols. Twelve out of 25

patients who were compatible with Der p 1 peptide (p)‐MHCII tetramers

HLA‐DRB1*0410, HLA‐DRB1*1101, and HLA‐DRB1*1501 were

enrolled in the study. The patient characteristics are shown in Table S1.

2.3 | Der p 1‐specific CD4+ T‐cell staining

Peripheral blood mononuclear cells were enriched with anti‐CD3

magnetic MicroBead (Miltenyi Biotec, Bergisch Gladbach, Germany)

and separated by autoMACS separator (Miltenyi Biotec) according to

the manufacturer's protocols. After enrichment, cells were stained

with eFluor 780 viability dye (eBioscience, San Diego, CA, USA) for

30 minutes at 4°C and washed in staining buffer (phosphate‐buffered
saline, pH 7.2, 0.5% bovine serum albumin, and 2 mmol/L EDTA).

Cells were incubated with 2 μg/mL of phycoerythrin (PE)‐Der p 1 tet-

ramers in complete RPMI medium at room temperature for 30 min-

utes. The PE‐labeled and empty (without any peptide) HLA‐DRB

0401, 1101, and 1501 tetramers as well as nonMHC‐matching tetra-

mers were used as negative control. Epitopes from Der p 1 for HLA‐
DRB1*0401, DRB1*1101, and DRB1*1501 were identified by tetra-

mer‐guided epitope mapping (Table S2).29 Der p 1‐specific MHCII tet-

ramer and empty tetramer‐labeled with PE were produced by the

Benaroya Research Institute (Seattle, WA, USA). The method to mea-

sure pMHCII tetramer specificity was described in the previous

study.30 Cells were then stained with extracellular antibodies, V500‐
anti‐CD3 (clone SP34‐2; BD Biosciences, San Jose, CA, USA), PE/

CF594‐anti‐CD4 (clone RPA‐T4; BD Biosciences), APC/Cy7‐anti‐
CD14 (clone HCD14; Biolegend, San Diego, CA, USA), APC/Cy7‐anti‐
CD16 (clone 3G8; Biolegend), APC/Cy7‐anti‐CD19 (clone HIB19;

Biolegend), BV421‐anti‐CD25 (clone BC6; Biolegend), BV605‐anti‐
CD127 (clone A019D5; Biolegend), and PE/Cy7‐anti‐ILT3 (clone

ZM4.1; Biolegend), at room temperature for 15 minutes. Following

this, FOXP3 and Helios intracellular staining buffer (Biolegend) was

performed following the manufacturer's protocols. Cells were stained

with Alexa Fluor 488‐anti‐FOXP3 (clone 259D) and Alexa Fluor 647‐
anti‐Helios (clone 22F6, both from Biolegend) at room temperature in

the dark for 30 minutes. After washing in staining buffer, cells were

resuspended in phosphate‐buffered saline with 0.1% paraformalde-

hyde and 2 mmol/L EDTA. Cells were measured by FACSAria III (Bec-

ton Dickinson, Franklin Lakes, NJ, USA). Data were analyzed by

Kaluza software (Beckman Coulter, Indianapolis, IN, USA).

2.4 | Intracellular cytokine staining

The anti‐CD3 positively enriched cells were treated with phorbol 12‐
myristate 13‐acetate (PMA) and ionomycin for 4 hours and then with

brefeldin A (all from Sigma‐Aldrich, Buchs, Switzerland) for 2 hours in

cRPMI at 37°C. Then, viability staining was performed first, followed

by PE‐Der p 1‐tetramers and surface antibodies, V500‐anti‐CD3 (BD

Biosciences), PE/CF594‐anti‐CD4 (BD Biosciences), APC/Cy7‐anti‐
CD14 (Biolegend), APC/Cy7‐anti‐CD16 (Biolegend), APC/Cy7‐anti‐
CD19 (Biolegend), and PerCP‐anti‐CD8 (clone SK1; Biolegend). Fixa-

tion/permeabilization staining (BD Bioscience) was performed accord-

ing to the manufacturer's protocol. Cells were then stained with PE/

Cy7‐anti‐IL‐10 (clone JES3‐9D7) and APC‐anti‐IL‐22 (clone 22URTI,

both from Biolegend) for 30 minutes at 4°C. Corresponding isotype‐
matched antibodies were used as negative controls in all stainings.

2.5 | Treg suppression assay

Peripheral blood mononuclear cells were enriched with CD4+ T Cell

Isolation Kit (Miltenyi Biotec) and separated by autoMACS separator

(Miltenyi Biotec). The enriched CD4+ T cells were selected as the final
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negative fraction, and the final positive fraction was irradiated and

used as cocultured cells. Then, CD4+ T cells were stained with viability

dye, anti‐CD3, anti‐CD4, anti‐CD25, and anti‐ILT3 as described

above. ILT3+ and ILT3− CD4+CD25+ Treg cells and CD4+CD25− T

effector cells were sorted by FACSAria III (Becton Dickinson). T effec-

tor cells were stained with CellTrace Violet Cell Proliferation Kit

(Thermo Fisher, Waltham, MA, USA) according to the manufacturer's

protocol. Next, Treg, T effector, and irradiated T cells were cultured

with anti‐CD3‐/anti‐CD28‐coated beads and IL‐2 (all from Sigma‐
Aldrich) in complete RPMI medium in a U‐bottom 96‐well plate at

37°C and 5% CO2 for 5 days. Treg cells and T effector cells were

cocultured in different Treg:T effector cell ratios. After 5 days, cells

were harvested and washed 2 times with phosphate‐buffered saline.

Cells were stained with 0.5 μL viability dye eFluor 780 (eBioscience)

for 30 minutes at 4°C, and then, cells were stained with FITC‐anti‐
CD3 (clone 17A2), AF700‐anti‐CD4 (clone OKT4), and PE‐anti‐CD25

(clone BC96, all from Biolegend) for 15 minutes at room temperature.

Cells were washed 2 times with staining buffer and analyzed by flow

cytometry.

2.6 | Statistical analysis

Data are expressed as mean ± standard error of the mean (SEM). The

repeated‐measures ANOVA with post hoc analysis was used to compare

related samples between different time points. Spearmen's test was per-

formed for correlation analyses. Statistical analyses and heatmap correla-

tion were performed with GraphPad Prism 7 (GraphPad Software, La

Jolla, CA, USA). P value < 0.05 was considered as significant.

3 | RESULTS

3.1 | Der p 1‐specific Treg cell responses during AIT

The gating strategy of Der p 1‐specific CD4+ Th, CD4+CD25+CD127−

Treg, and CD4+CD25+ILT3+ Treg cells is shown in Figure 1A. Before

the AIT, the frequency of FOXP3+ and Helios+ Der p 1‐specific Treg

cells constituted only 2.73 ± 0.53% of Der p 1‐specific CD4+ T cells

(Figure 1B). We found that the frequency of Der p 1‐specific FOX-

P3+Helios+ Treg cells was markedly increased peaking after 30 weeks

(14.73 ± 1.24%) and slightly decreased after 3 years (6.95 ± 0.95%) of

AIT (Figure 1B). The frequency of Der p 1‐specific FOXP3+Helios−

Treg cells did not change significantly during AIT (Figure 1B). Similarly,

nonspecific FOXP3+Helios+ and FOXP3+Helios− Treg cells did not

change during the therapy (Figure 1C). Thus, AIT induced allergen‐spe-
cific Treg cell response, but it had no effect on nonspecific Treg cells.

Next, we analyzed the frequency of Treg cell subset, which

expresses CD25 and ILT3. The frequency of Der p 1‐specific
CD4+CD25+ILT3+ Treg cells was significantly lower after 3 years of

AIT (Figure 2A). No significant changes in nonspecific

CD4+CD25+ILT3+ T cells were observed (Figure 2B). Therefore, we

performed in vitro suppressive assay to compare functions of ILT3+

and ILT3− Treg cells. Interestingly, CD4+CD25+ILT3+ Treg cells dis-

played significantly reduced suppressive function as compared to

CD4+CD25+ILT3− Treg cells which revealed even a higher rate of the

proliferation of T effector cells (Figure 2C). In addition, we further

examined FOXP3 and Helios expression in ILT3+ and ILT3− Treg cells.

We found that within ILT3+ Treg cells, the frequency of FOXP3+He-

lios+ cells was significantly low compared to ILT3− Treg cells. Hence,

AIT reduced dysfunctional allergen‐specific Treg cell response in addi-

tion to increasing FOXP3+Helios+ Treg cell frequency.

3.2 | Der p 1‐specific IL‐10‐ and IL‐22‐secreting
T‐cell responses during AIT

To elucidate the cytokine profile of allergen‐specific T cells, we deter-

mined Der p 1‐tetramer+CD4+ T cells, which are producing IL‐10, IL‐
22, and both IL‐10 and IL‐22 (Figure 3A). Der p 1‐specific IL‐10+ Treg

cells displayed low frequency of Der p 1‐specific CD4+ T cells before

AIT (2.89 ± 0.55%). During AIT, IL‐10‐producing Der p 1‐specific Treg

cells expanded already after 10 weeks (5.12 ± 0.67%) and showed the

highest frequency after 30 weeks (22.95 ± 3.07%) of AIT (Figure 3B).

At 3 years of AIT, the frequency of IL‐10‐producing Der p 1‐specific
Treg cells (17.54 ± 1.71%) was slightly decreased compared to the 30‐
week time point, but was still higher compared to baseline (Figure 3B).

Moreover, IL‐22‐producing Der p 1‐specific Th cells increased signifi-

cantly after 30 weeks of AIT, from 3.78 ± 1.39% to 18.71 ± 3.74%

(Figure 3C). In addition, the frequency of Der p 1‐specific Treg cells,

which secreted both IL‐10 and IL‐22, significantly increased after

30 weeks of HDM‐specific immunotherapy, from 0.89 ± 0.32% to

8.50 ± 1.96% (Figure 3D). For comparison, there was no significant

change in IL‐10‐, IL‐22‐, and both IL‐10‐ and IL‐22‐producing nonspe-

cific CD4+ T cells during AIT (Figure 3E).

3.3 | Der p 1‐specific Treg cell response correlates
with allergic symptoms

Allergic patients had significantly decreased total nasal symptom

score (TNSS) after 30 weeks (−66.08 ± 6.40%) and 3 years

(−86.33 ± 3.35%) of AIT (Figure 4A). To investigate the role of Treg

cell changes on clinical improvement in response to AIT, we ana-

lyzed the heatmap correlation between allergen‐specific Treg sub-

sets, IL‐22+CD4+ T cells, and TNSS (Figure 4B). Improved allergic

symptoms by reduced TNSS showed a significant correlation with

increased frequency of activated Der p 1‐specific FOXP3+Helios+,

IL‐10+, and IL‐10+IL‐22+ Treg cells and IL‐22+ Th cells (Figure 4B).

Moreover, reduced allergic symptoms correlated with decreased

frequency of dysfunctional Der p 1‐specific ILT3+ Treg cells

(Figure 4B).

Change in the frequency of effective allergen‐specific Treg cells

(Der p 1‐specific FOXP3+Helios+CD4+CD25+CD127−) during AIT

was parallel with the frequencies of Der p 1‐specific IL‐10+, IL‐22+,
and IL‐10+IL‐22+ CD4+ T cells (Figure 4C). Meanwhile, the frequency

of ineffective allergen‐specific Treg cells (Der p 1‐specific ILT3+ Treg

cells) changed opposite with effective, IL‐10‐ and IL‐22‐producing
Treg cells (Figure 4B). The frequency of effective and ineffective

Treg cells was approximately equal after 30 weeks of AIT.
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4 | DISCUSSION

The present study demonstrates novel immunological mechanisms

linked to the induction of peripheral allergen‐specific tolerance by

AIT. We demonstrated early increases in functionally efficient Tregs

resulting in desensitization compared to delayed suppression of inef-

ficient Tregs as a potential tolerance mechanism after 3 years. Der p

1‐MHC class II tetramer staining could be used to monitor periph-

eral allergy tolerance and clinical response of HDM‐specific
immunotherapy. It has been previously shown that AIT induces an

increase in the percentage of allergen‐driven Treg cells.31,32 In the

present study, we demonstrated that AIT differentially modifies the

activation and function of several Treg subsets. AIT in vivo

increased subsets of allergen‐specific Treg cells with distinct pheno-

types, and the mechanisms of action include the CD4+CD25+

CD127−FOXP3+ nTreg and the CD4+ IL‐10‐secreting Tr1 cells.33-38

In addition to changes in allergen‐specific Treg cells, we observed

that in 9 out of 12 patients, overall IL‐10+ Tr1 cells also increased

during AIT, which is concordant with the previous data reported by

others.39

The limitations include relatively small sample size, some samples

not being available because of HLA mismatch with tetramers, lack of

the placebo control group, lack of robust efficacy outcomes in the clin-

ical trial, and the generalization of the findings obtained from certain

MHC‐tetramer match population to the general mite‐allergic popula-

tion. As the availability of recombinant MHC class II molecules is lim-

ited, knowledge on T‐cell epitopes and recruitment of participants to

match with MHC class II tetramers.40 Therefore, our study was not

powerful enough to examine the differences between responders or

nonresponders to the therapy. Interestingly, we found here that TNSS

was reduced by 88.5% in matched and by 57.1% in nonmatched HLA‐
DR patients after 3 years of AIT (Figure S1). The explanation of these

results is that our matched HLA‐DR patients, who we were able to fol-

low with the tetramers, were relatively good responders to the treat-

ment. Hence, allergen‐specific Treg cell subset responses in

nonresponders to AIT is still a question and requires further studies.

Although the present study focuses on Treg cells, their effect on the

control of allergen‐specific immune responses goes in parallel to aller-

gen‐specific memory B‐cell responses and the importance of allergen‐
specific effector and regulatory B‐cell balance should be studied in big-

ger cohorts.41

Helios is a specific marker for thymus‐derived regulatory T

cells.42 Combining FOXP3 and Helios intracellular staining is appar-

ently a useful approach to determine activated Treg cells, because

FOXP3+Helios+ Treg cells proliferate in vitro significantly less than

FOXP3+Helios− Tregs upon TCR stimulation.43 Unlike FOXP3+He-

lios− Tregs, FOXP3+Helios+ Tregs secrete IL‐10, but not other effec-
tor cytokines such as IFN‐γ or IL‐2.43 Moreover, Helios is selectively
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upregulated in CD4+ T cells during Th2 and T follicular helper cell

responses to alum‐containing protein vaccines.44 The presence of

local FOXP3+CD25+ Treg cells in the nasal mucosa increased number

after immunotherapy, and their association with clinical efficacy and

suppression of seasonal allergic inflammation revitalizes the concept

of local allergen tolerance depending on Treg cells.45
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The dysfunctional allergen‐specific ILT3+CD4+CD25+FOXP3+

Treg cells constitute a small subpopulation of allergen‐specific Treg

cells. We found that the percentage of allergen‐specific ILT3+ Treg

cells was significantly higher before the treatment, which may sug-

gest the inability of Tregs to efficiently suppress allergen‐specific
Th2 responses. We showed here that human ILT3+ Treg cells had

reduced suppressive activity and low FOXP3 and Helios expression

suggesting a negative role for ILT3+ Tregs in allergen tolerance.

Supporting our findings, it has been shown in mice that ILT3+ Treg

cells fail to suppress GATA‐3 expression and instead induce expres-

sion of IL‐5 and IL‐13.25 FOXP3 plays an essential role in the

maintenance of immunological tolerance to self and innocuous for-

eign antigens.46 FOXP3 homodimers can mediate transcriptional

regulation through direct binding to DNA, and FOXP3 has also

been shown to interact with several molecular partners forming

FOXP3/protein complexes that are required for several regulatory

processes.46

Recently, new allergen‐specific T‐cell subsets have been identified

in allergic patients during AIT. Special AT‐rich sequence‐binding pro-

tein‐1 (SATB1) is repressed in FOXP3+ Tregs following grass‐specific
immunotherapy, and its expression correlates with the clinical

response.47,48 Allergen‐specific CD45RBlowCD27−CRTH2+CD161+

CD49d+ T cells (Th2A) are more frequent in allergic patients compared

to nonallergic individuals and suggesting a role for the control of clinical

allergic reactions by these cells that are induced by immunotherapy.49

Also in long‐term grass‐specific immunotherapy, a clinical improvement

during 2 years of treatment has been associated with the decrease in

numbers of the allergen‐specific CRTH2+CCR4+CD27−CD4+ Th2

cells.50 Indeed, there are now many studies confirming the role of

decreased Th2 responses in the control of allergic disease and Treg cells

play an essential role in the suppression of Th2 cells.

In the present study, IL‐10+ Treg cells had an early response in low‐
dose AIT and correlated with the reduction of allergic symptoms. Aller-

gen‐specific IL‐10‐secreting Treg cells are essential components of the

induction and maintenance of peripheral allergen tolerance enhanced

by AIT.51 IL‐22 is a unique cytokine produced by immune cells, which

acts specifically on tissue cells at mucosal sites, since only cells of

epithelial origin preferentially express IL‐22R1.52 IL‐22 influences termi-

nal differentiation of keratinocytes by inducing antibacterial protein

production, and increases the innate immune defense mechanism

against microbes and enhances production of chemokines.53 However,

an uncontrolled output of IL‐22 may lead to inflammation that has been

observed in several diseases including atopic dermatitis, psoriasis, or

rheumatoid arthritis.54 IL‐22 is a member of the IL‐10 cytokine family

but is usually detected in Th17 cells together with the production of IL‐
17 and type 3 innate lymphoid cells.55 In this study, we found that

increased allergen‐specific IL‐22‐secreting CD4+ T cells might relate to

the increased frequency of allergen‐specific IL‐10‐secreting Treg cells.

It is also important to emphasize that direct analysis of the

in vivo situation of circulating allergen‐specific T cells is an advan-

tage of the present study compared to cell cultures. Serum specific

IgE/total IgE ratio and IgE‐FAB, and allergen‐specific IgG4 have been

considered as potential surrogate candidate biomarkers.56 The area

is open for further research to discover biomarkers for point‐of‐care
usage because the early prediction of success and to decide when to

stop is essential for the patient compliance, cost‐effectiveness, and
avoidance of side effects. These studies require sophisticated tech-

niques. However, a good biomarker should be studied in easily

accessible samples with a rapid method. As similar findings have

been reported in healthy immune response to allergens, it may sug-

gest that similar mechanisms can be necessary in the prevention of

HDM allergy. Nonetheless, a larger scale study, a randomized
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controlled study in particular, comparing HDM‐specific antibody‐
based assays vs Treg‐based assays is warranted for identifying a

proper biomarkers predicting or monitoring AIT responders.

In conclusion, our results indicate that AIT involves upregulation

of the activated allergen‐specific Treg cells and downregulation of

dysfunctional allergen‐specific Treg cell subset. Also, we show that

HDM‐specific immunotherapy leads to a reduction of allergic symp-

toms which correlate with Der p 1‐specific Treg cell subsets and

IL‐22‐secreting CD4+ T‐cell responses.
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TABLE S1. Patient characteristics1

Patient no. Sex Age HLA-DRB1 Disease

Total nasal symptom score
SPT Der p

(mm)

Total
IgE

(ng/ml)

Visual
analouge

scale

Medication
score

Before 10
weeks

30
weeks

3
years

(mm) Before 3
years

1 Male 33 0401 AR, AD 9.00 5.00 1.00 1.00 7 54.72 8.5 5 0

2 Male 41 1101 AR, AD 9.00 6.00 0.00 1.00 10 81.98 8 6 0

3 Female 22 1501 AR 10.00 4.00 3.00 1.00 9 59.17 9 7 1

4 Female 32 0401 AR 8.00 6.00 3.00 1.00 8 91.11 7.5 6 1

5 Female 27 1501 AR, AD 9.00 8.00 6.00 2.00 6 23.61 9 5 1

6 Male 24 1501 AR 8.00 5.00 0.00 0.00 7 329.69 9.5 6 0

7 Male 35 1101 AR 7.00 6.00 4.00 2.00 6 170.95 6.5 5 2

8 Female 50 1501 AR 9.00 5.00 2.00 0.00 8 98.06 8 6 0

9 Male 25 0401 AR, AA 8.00 6.00 3.00 3.00 6 36.7 7.5 4 1

10 Female 64 1501 AR, AA 10.00 7.00 4.00 2.00 6 46.17 9 6 1

11 Female 52 1101 AR, AA 9.00 8.00 5.00 0.00 6 183.98 7.5 5 0

12 Female 52 0401 AR, AA 8.00 7.00 4.00 1.00 8 112.03 7 4 1

AA; Allergic asthma, AD; Atopic dermatitis, AR; Allergic rhinitis, SPT; Skin prick test2

Total nasal symptom score (TNSS) included rhinorrhea, nasal itching, nasal obstruction and sneezing. The severity is 0 = no symptoms, 1 = mild, 2 = moderate3
and 3 = severe.4

Total medication score; 1 point: for beta-2 agonists, antihistamine, pseudoehidrine and montelukast, 2 points: inhaled/intranasal steroids, 3 points: one tablet of5
corticosteroid6



TABLE S2. Der p 1 T-cell epitopes7
Tetramer Reagents                Sequence8
DR0401/Der p 1 233-252     HSAIAVIIGIKDLDAFRHYD9
DR1101/Der p 1 185-204     GVVQESYYRYVAREQSCRRP10
DR1501/Der p 1 265-284     PNYHAVNIVGYSNAQGVDYW11

12

13

14
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