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ABSTRACT (ENGLISH) 
# # 5874855630 : DOCTOR OF PHILOSOPHY 
allergen immunotherapy, house dust mite, regulatory T cells, regulatory B cells 
 Tadech Boonpiyathad : Der p 1-

specific Treg and Breg cells in allergen immunotherapy and mechanism of immune toleran
ce. ADVISOR: Prof. Kiat Ruxrungtham, M.D. 

  
Allergen-specific immunotherapy (AIT) involves the repeated administration of allergen 

products in order to induce clinical and immunologic tolerance to the offending allergen. The 
generation and maintenance of functional allergen-specific regulatory T (Treg) cells and regulatory B 
(Breg) cells are known in bee venom immunotherapy. However, in aeroallergen, house dust mite has 
not to be studied. The aim of the study is to identify the possible roles of Der p 1-specific active Treg 
(FOXP3+Helios+CD25+CD127-CD4+), ineffective Treg (ILT3-CD25+CD4+) and Breg (IL-10+IL-
1RA+CD73-CD25+CD71+) cells changes during AIT and its correlation to treatment outcomes. We 
studied 25 allergic patients (20 responders and 5 non-responders) undergoing subcutaneous house 
dust mite immunotherapy. House dust mite-specific Treg cells responses were investigated by 
characterization of Der p 1-MHC-class II tetramer-positive cells. House dust mite-specific B cells 
were detected using fluorochrome-labeled Der p 1 method. Der p 1-specific Treg and Breg cells were 
analysed by flow cytometry and correlated to clinical response to AIT.  We demonstrated that AIT 
induced activated Der p 1-specific Treg cells and decreased substantially ineffective Der p 1-specific 
Treg cells. For B cell responses, we found a significant increase of IL-10-and IL-1RA-producing 
Breg cells after AIT in responding patients. In conclusion, AIT-induced clinical improvement 
is significantly correlated with the increased of Der p 1-specific Treg and Breg cells.   
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ACRONYMS 

AIT: Antigen-specific immunotherapy 

AR: Allergic rhinitis 

Breg: B regulatory 

HDM: House dust mite 

IL-1RA: Interleukin-1 receptor antagonist 

ILT3: Immunoglobulin-like transcript 3 

SPT: Skin prick test 

SMS: Symptom-medication score 

Treg: T regulatory 

TNSS: Total nasal symptom score 
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1. Introduction  
 The pathophysiology of the allergic disease is complex and influenced by 

many factors, including genetic susceptibility, route of exposure, antigen/allergen 

dose, time of exposure with stimulators of innate immune response, such as 

infections or commensal bacteria. 1-3 Seasonal and perennial allergens can be 

inhaled, ingested and can enter the body via the damaged skin, and induce an IgE-

mediated local or systemic inflammatory process.   Allergen-specific immunotherapy 

(AIT) is an effective treatment for allergic asthma, allergic rhinitis, and atopic 

dermatitis as well as venom-induced anaphylaxis. In addition to reducing symptoms 

of the disease, AIT can provide long-term protection by inducing allergen-specific 

immune tolerance.4   

 At present, studies assessing allergen-specific T and B cells are a method to 

monitor immune tolerance in patients during AIT. HLA-peptide tetramer complexes 

facilitate the identification and characterization of antigen-specific T cells without the 

need for the cells to express particular functional activities. In allergen-specific B 

cells, fluorescently labeled antigen has been used to identify B cells with particular B 

cells receptor specificities by flow cytometry. This project aims to investigate the 

changing profile of allergen-specific Treg and Breg cells during AIT. IL-10 secreting 

Treg and Breg cells will be mainly focused. The results of this thesis elaborated a 

number of novel knowledge that has not been published before which include 

allergen-specific functional and inactive Treg cells have a role in AIT, allergen-specific 

B cells, plamablasts and Breg cells changed during house dust mite immunotherapy 

and Breg produced IL-1RA. These finding will help us better understanding of the 

complex networks of allergen immune tolerance. 
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2.       Literature Review 
2.1 Allergen-specific immunotherapy (AIT) 

 Dysregulated immune tolerance plays an essential role in many allergic 
diseases including asthma, atopic dermatitis, allergic rhinitis, food allergy, venom 
allergy as well as autoimmune diseases, organ transplantation, tumors and chronic 
infections. Allergens enter the body via the respiratory tract, gut, conjunctiva, injured 
skin or insect stings, and most of the time the result is the induction of tolerance as 
a natural mechanism. AIT is the most efficient procedure to treat allergic patients 
with asthma, rhinitis, conjunctivitis, atopic dermatitis and stinging insect allergy. AIT 
has a disease-modifying effect and might also lead to a decrease in requirements for 
anti-inflammatory and symptomatic medications. AIT can also change the course of 
allergic disease symptoms and displays a long-term efficacy due to its induction of 
allergen-specific immune tolerance.1, 5  
 There are two phases to AIT: build up phase and maintenance phase. The 

build-up phase is initiated by administrations increasing concentrations of allergens. 

The injections are scheduled once a week for 3 – 6 months. In the maintenance 

phase, patients are planned to receive the most efficient dose usually every 4 weeks. 

A decision to stop AIT is made after 3 to 5 years of treatment. Because AIT is very 

time-consuming for patients and has a success rate of only 60-80%, it is essential to 

discover biomarkers identifying responder and non-responder patients before the 

immunotherapy is started. 

2.2 Administration route of AIT 

Noon and Freeman demonstrated that prophylactic subcutaneous injection 

(SCIT) with a grass pollen extract was effective in suppressing immediate conjunctival 

sensitivity to grass pollen.6 Until recently, SCIT has been the gold standard 

administration route of AIT.7 The conventional schedule for SCIT using allergen 

extracts consists of a dose build-up by injection once weekly, followed by 

maintenance dose injections at 4- to 8-week intervals.8 At least 50 injections over 3 
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years is a significant disadvantage of conventional treatment. To shorten the build-up 

phase, there is a possibility to use cluster or rush schedules.9 In cluster protocol, 

multiple injections are given on non-consecutive days, whereas in rush protocol 

multiple injections are given on consecutive days, reaching the maintenance phase in 

few days, but increasing the risk of systemic allergic reaction.10 The new routes 

increase its attractiveness by enhancing treatment efficacy, reducing treatment 

duration, reduce the risk of anaphylactic reaction, minimizing costs of treatment 

and self-administrable treatment routes.  

Currently investigated novel AIT routes include oral (OIT), sublingual (SLIT), 
intradermal (IDIT), local nasal (LNIT), intralymphatic (ILIT) and epicutaneous (EPIT). OIT 
involves the regular oral administration of small but increasing amounts of the 
allergen. OIT provides a long-term solution for food allergy such as milk, egg, peanut 
and wheat.11, 12  

SLIT or oral allergy drop involves administering the allergens under the 

tongue generally on a daily basis. SLIT is safe, effectiveness, short or not need build-

up phase.13 SLIT is indicated in grass pollen and house dust mite allergic rhinitis that 

may exert a preventative effect on the development of asthma and the onset of 

new sensitizations.14, 15 LNIT seems to be effective only on rhinitis symptoms and 

requires a particular technique of administration.16 However, LNIT is not documented 

for clinical use. IDIT was applied into the substance of the skin as same as 

intradermal test. IDIT is safe and leading to symptoms relief after administration of 

few doses but is not clinically useful and resulted in worsening of respiratory allergic 

symptoms.17 ILIT is a direct intralymphatic injection of the antigen to enhance the 

efficacy of AIT by a reduced amount of treatment application, reduced treatment 

duration, fast symptom alleviation and proper safety.18, 19 However, ILIT requires 

ultrasound-guided and physician-administrated. EPIT has the potential to emerge as a 

promising needle-free treatment route and self-administration. EPIT also has a good 

safety profile, but local eczematous skin reactions may occur.20 
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2.3 Mechanisms of AIT-mediated induction of immune tolerance 

 The induction of immune tolerance has ideally been a primary objective for 
the prevention and treatment of allergic diseases. The known events involving the 
AIT-induced immune tolerance are as follows (Fig 1):21  

- Rapid desensitization of mast cells and basophils by allergens 

- Induction of peripheral T cell tolerance mainly by the generation of allergen-

specific Treg cells which is introduced by IL-10 and TGF-β. There is also a 
suppression allergen-specific Th2 cells. 

- Antibody class switching from IgE to IgG4 as indicated by early induction of 
IgG4 and a late decrease in IgE levels 

- Induction of IL-10-producing regulatory B cells (Br1) 

- Suppression of mast cells, basophils and eosinophils 

- Suppression of inflammatory dendritic cells and induction tolerogenic 
dendritic cells 

- Suppression of mucus production 

- Suppression of tissue inflammation 

- Suppression of tissue inflammation and T cell homing to tissues 

 
Figure 1. Specific immune responses are observed during AIT. 1. An early desensitization effect 

including a decrease in mast cell and basophil degranulation soon after the first administration 

of allergens.  2. A generation of allergen-specific Treg cells and suppression of effector cells. 3. 
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An early increase and a late decrease in specific IgE levels. 4. A relatively early increase in 

specific IgG4. 5. A late decrease in type I skin test reactivity. 6. A decrease in tissue mast cell and 

eosinophil numbers and a release of their mediators after a few months.21 

 In T cells tolerance, AIT induces a significant change in allergen-specific T cells 

subsets. The proportion of IL-4 producing Th2 cells decreases. Meanwhile, IL-10 

producing inducible Treg cells increase in number and achieve the function similar to 

the immune status observed in healthy subjects.22 The improvement of symptoms 

had the significant correlation with the increase in Treg cells number during AIT.23 

Two sets characterize the Treg cells: forkhead box protein 3 (Foxp3)-adaptive Treg 

cells and Foxp3- but IL-10 secreting type 1 regulatory cell (Tr1).24 Studies investigating 

the role of the different type of Treg cells during AIT have shown overlapping effects 

of different Treg cells subsets for the induction of T cell tolerance.25, 26 It is well 

understood that there is reciprocal regulation between individual Th cell subsets, 

such as Th1, Th2, Th9, Th17, and Th22 however; Treg cells play an essential role in 

the suppression of effector T cell responses (Fig 2).  

 
Figure 2. Cellular and molecular changes during AIT. Differentiation of naïve T cells after 

allergen presentation in the presence of innate immune response substances that trigger 
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recognition receptors (PRR) and vitamins, monoamines that control cellular differentiation and 

co-exposed substances with the antigen and status of the cells and cytokines in the 

microenvironment is shown. Naïve T cells can differentiate into Th1, Th2, Th9, Th17 and Th22 T 

cells. Based on their respective cytokine profiles, responses to chemokines, and interactions with 

other cells, these T cells subsets can contribute to general inflammation. The increase in Th1 

and Treg cells number play a role in counterbalancing other effector cells. The balance 

between allergen-specific effector T cells (particularly Th2 cells) and IL-10 producing Treg cells is 

decisive for the development or suppressive of allergic inflammation. Treg cells and their 

cytokines suppress Th2-type immune response and contribute to the control of allergic disease 

in several major ways. Similarly, induction of IL-10 producing Breg cells plays an essential role in 

suppression of IgE and induction of IgG4.27  

 Helios expression is a marker of T cells activation and expression (Fig 3, A).28 

Also, Helios enhances induced Treg cell function in cooperation with FOXP3.29 

Moreover, Helios is selectively upregulated in CD4+ T cells during Th2 and TFh 

responses to alum-protein vaccines.30  Wegrzn et al. reported healthy control and 

stable asthma had the percentage of FOXP3+Helios+ Teg cells more than viral and 

non-viral exacerbation asthma, and correlated with FEV1.31 The presence of local 

FOXP3+CD25+CD3+ in the nasal mucosa, their increased number after 

immunotherapy, and their association with clinical efficacy and suppression of 

seasonal allergic inflammation invigorate the concept of local allergen tolerance 

depend on Treg cells.26 The co-expression of CD4+CD25+FOXP3+ and ILT3+ represents 

a distinct Treg subset.32 Protein kinase CK2 enable Treg cells to suppress excessive 

Th2 responses. ILT3 is regulated by the protein kinase CK2 and may work as an 

inactivating the regulatory function of Treg cell (Fig. 3B).32 ILT3+ Treg cells failed to 

suppress GATA-3 expression and instead induced the expression of IL-5 and IL-13, 

which further demonstrated the Th2 cells-promoting ability of ILT3+ Treg cells.32 

Furthermore, the LT3+ Treg cells percentage of healthy donors was a significant 

lower to compare with allergic patients.32  



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 7 

 
Figure 3. A, Helios expression in Treg cell enhances function to suppress T effector cells.14 B, 

Treg cell-specific gene targeting, that the suppression of Th2 cells was dependent on the activity 

of the protein kinase CK2. The ILT3 expression on Treg cell inhibits the activity of CK2.18     

 AIT promotes not only IL-10 production by Tr1 cells but also promotes IL-10 

secreting B regulatory 1 (Br1), which can regulate immune responses through 

suppression of antigen-specific CD4+ T cell proliferation and production of non-

inflammatory IgG4 antibodies.33 Distinct from IL-10-secreting DCs, IL-10 secreting 

allergen-specific Breg cells were shown to exist in bee venom tolerant beekeepers 

and patients with bee venom allergy who had undergone bee venom AIT.33 Human 

Br1 cells are enriched for CD25+CD71+CD73- B cells.33 IgG4 antibodies have the unique 

ability to exchange Fab arms, which can lead to the generation of functionally 

monovalent antibodies that are preventing the formation.34 Also, IgG4 can play an 

inhibitory role by interfering with allergen-mediated IgE-crosslinking, thereby 

preventing mast cell and basophil degranulation.35, 36 In response to AIT typically a 

transient increase in serum -specific IgE is observed followed by the gradual decrease 

over subsequent months.37, 38 On the other hand, serum specific IgG4 increases 

during AIT. However, the correlation between serum IgG4 and clinical outcome of AIT 

remains controversial.39 

IL-1 is a potential mediator of inflammation and tissue damage in multiple 

organs. An IL-1 family is a group of 11 cytokines.40 IL-1α and IL-1β are the most 

study members. IL-1β is a potent proinflammatory cytokine that is implicated in the 
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development of chronic inflammatory disease, such as, rheumatoid arthritis, 

cardiovascular disease and diabetes.41 IL-1RA binds to the IL-1 receptor and thereby 

prevents binding of IL-1α and IL-1β that reduced the inflammation-related IL-1 

disease.40 IL-1RA is produced by the IL1RN gene.42 The deficiency of the IL1RN gene 

caused very rare autoinflammatory, deficiency of II-1 receptor antagonist (DIRA) which 

causes the body is unable to regulate inflammation in the body properly.42 IL-1RA is 

produced by monocytes, macrophages, neutrophils, epithelial cells, fibroblasts and 

mesenchymal stem cells, but has not been reported in Breg cells.43  

 IL-10 and IL-1RA-producing B cell changing during AIT are unknown. The 

effectiveness of IL1RA secreted by mesenchymal stem cells (MSCs) in controlling 

inflammation was further shown in vivo using the collagen-induced arthritis murine 

model.43 MSCs lacking IL1RA expression were unable to protect mice from arthritic 

progression and even worsened clinical signs, as shown by higher arthritic score and 

incidence than control arthritic mice. IL1RA(-/-) MSCs were not able to decrease the 

percentage of Th17 lymphocytes and increase the percentage of Treg cells as well as 

decreasing the differentiation of B cells toward plasmablasts.43  

2.4 Innate immune response in AIT 

Dendritic cells (DC) is an antigen-presenting cell. DC can either initiate and 

sustain allergic inflammation or support the induction of tolerance by Treg cell 

responses.44 DC subsets, such as regulatory DC (DCreg) cells and type 2 dendritic cells 

(DC2s), are already implicated in the pathomechanisms of allergic rhinitis.45 DC2-

associated markers, such as  CD141, GATA3, OX40L, and receptor-

interacting serine/threonine-protein kinase 4 (RIPK4), were downregulated after a 4-

month sublingual AIT concomitantly with upregulation of DCreg cell-associated 

markers, including complement C1q subcomponent subunit A (C1QA), FCɣRIIIA,   

ferritin light chain (FTL), and solute carrier organic anion transporter family member 

2B1 (SLCO2B1), in the blood of clinical responders as opposed to nonresponders.46  
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 Innate lymphoid cells (ILCs) are a recently identified group of lymphoid cells 

that lack an antigen receptor and develop from common lymphoid progenitors in 

fetal liver and bone marrow.47  ILCs have been classified into 3 groups, and each 

group produces cytokines and transcription factors resembling each of the T helper 

cell subsets.47, 48 Group 1 ILCs, which consists of classical natural killer (cNK) cells and 

ILC1s, can produce the Th1 cytokine, interferon (IFN)-ɣ and can express T-box 

transcription factor (T-bet). They have been implicated in Th1-like immunity against 

intracellular pathogens, such as viruses and intracellular bacteria.49, 50 Group 2 ILCs 

(ILC2s), which consists of natural helper cells and nuocytes (inflammatory ILC2s), 

they can produce Th2 cytokines: IL-4, IL-5, IL-9, and IL-13 and can express GATA-3.51-

55 They have been implicated in immunity against helminths, allergic diseases, and 

tissue repair.47 Group 3 ILCs (ILC3s) consist of 2 major subsets, natural cytotoxicity 

receptor (NCR), NCR+ ILC3s, and NCR- ILC3s.56 ILC3s can produce the Th17 cytokine, 

IL-17A - but IL-22 can only be produced by NCR+ ILC3s. ILC3s express retinoid‐related 

orphan receptor γt (RORγt) and have a role in immunity against extracellular bacteria 

and implicated in the pathogenesis of some autoimmune diseases.56   

Currently, it has been demonstrated that ILCs, especially ILC2s are involved in 

allergic airway inflammation. ILC2s in peripheral blood and bronchoalveolar lavage 

fluid (BALF), were increased in asthmatic patients compared with control subjects 

and were negatively correlated with airway function.57-60 Many inhalant antigens 

trigger IL-33 and IL-25 production from epithelial cells and various immune cells and 

induce eosinophilic asthma-like airway inflammation through activation of lung 

ILC2s.61-65 The strong protease activity of house dust mites (HDM) induces IL-33 

release from epithelial cells, which induces asthma-like airway inflammation through 

ILC2 activation.47 In patients with allergic rhinitis (AR), ILC2s are increased in peripheral 

blood after a cat allergen challenge and during grass pollen season.66-68 The levels of 

ILC2s in HDM AR patients was higher compared with healthy controls and had a 

positive correlation with plasma IL-13 levels.69, 70 
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An Increase in Treg cells leads to the dose-dependent decrease in cytokine 

production by ILC2s.71 Moreover, in vitro study shows recombinant TGF-β or IL-10 

suppressed both human and murine ILC2s.72 Also, human inducible Treg cells 

suppress syngeneic human ILC2s through the ICOSL to control airway inflammation in 

a humanized ILC2 mouse model.72  

In Thai HDM AR patients, AIT responders and healthy subjects had a reduced 

the frequency of circulating ILC2s compared to AIT non-responders and AR patients.73 

Conversely, ILC1s from AIT responders and healthy subjects revaled increased 

frequency compared to AIT non-responders and AR patients. The frequency of ILC3s 

NCR+ and NCR- in AIT responders showed significantly lower compared with AR 

patients and healthy subjects.73 The ILC1: ILC2 proportion in AIT responder was 

approximate to that of healthy subjects.73 Peripheral blood mononuclear cells from 

patients who were responders to AIT had a significantly lower expression of the 

activation marker CD69 on ILC2s in response to allergen restimulation compared to 

AR patients, but no difference compared to AIT non-responders and healthy 

subjects.73 

2.5 Biological markers for AIT 

Novel biomarkers are much needed for predicting AIT responses. They can be 

used to identify, before immunotherapy, responders versus non-responders, as well 

as to follow the therapy responsiveness of patients during the AIT or whether the 

individual may have a clinical relapse after a remission induced by AIT. The 

biomarkers are useful in designing appropriate treatment schemes and in deciding to 

stop AIT with the high degree of confidence. In current clinical practice, the immune 

monitoring parameter of AIT in patients is commonly restricted to measuring of 

allergen-specific IgE/IgG4 ratio in sera.74-76 Recently, there have been newer assays 

used to determine the success of AIT including simple flow cytometry assay 

measuring IgE-facilitated allergen binding (FAB), and major histocompatibility complex 
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class II tetramer staining.77, 78 Moreover, successful immunotherapy can be predicted 

by anergic transcriptional phenotypes in single allergen-specific T cells.79 However, 

due to its complicated assay procedures, these assays are not routinely used in the 

clinical setting. Therefore, it is still necessary to identify novel surrogate markers for 

AIT that can conveniently be measured at the point of care. The assay should detect 

the biomarkers in easily accessible samples including whole blood, serum, body 

fluids or nasal scrapings. It should not involve difficult assay procedures and can be 

performed in a clinical setting that may not have cell culture facilities. Finally, the 

assay should be cost-effective. In recent years, exploratory technologies, such as 

proteomic techniques, gene arrays, mRNA arrays, multiplex analysis of secreted 

proteins in body fluids and multicolor flow cytometry of peripheral blood cells, have 

been rapidly improved. With the availability of this high throughput screening 

techniques, novel AIT-specific biomarkers should be more conveniently discovered 

shortly. 

2.6 Der p 1-specific T and B cells 

 HDM is the most common aeroallergen in Thailand and can be efficiently 

treated by HDM AIT which also provides a suitable model to investigate 

allergen/antigen-specific immune tolerance.80, 81 Der p 1 is the major HDM allergen 

which leads to augment total and IgE-specific antibody synthesis.82 Proteolytic 

activity of Der p1 plays a role in directing the dendritic cell to induce Th2 

differentiation and stimulate the epithelial-mesenchymal transition in airway 

epithelial cells, leading to airway remodeling.83, 84 Patients allergic to HDM can be 

successfully treated with HDM AIT 85. 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 86. 

  The investigation of allergen-specific immune response by direct analysis of 

human peripheral blood T cells without any further culture provides an efficient tool 
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for the in-depth analyses of changes in allergen-specific T cells in allergen tolerance 

during AIT.87 The specific immune responses of CD4+ T cells required antigen 

presentation through APC-displayed MCH-II-peptide complexes and interaction with T 

cells receptor.88 Peptide-MHC class-II tetramer staining is one of the methods to 

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

complexes composed of four MHC class II heterodimers loaded with the peptide 

representing a high-affinity T cells epitope. MHC molecule coupled to biotin can be 

multimerized subsequently with fluorescently labeled streptavidin, thus providing 

high-avidity reagents to observe epitope-specific T cells by flow cytometry.89 

However, the limitation of the method is the availability of recombinant MCH class-II 

molecule, knowledge of epitopes and recruiting participants to match with MHC 

class-II tetramer.90  

 Currently, several methods have been developed to examine antigen-specific 

B cells. Because of their low frequency, accurate detection and confirmation of 

specificity pose a challenge. Fluorescent multimers have been used to detect peanut 

allergen-specific as well as tetanus toxoid-specific circulating B cells.91, 92  Moreover, a 

dual-labeling strategy as we used in this study was applied to investigate Ara h1 and 

Ara h2-specific B cells in peanut allergy.93 Peanut-specific immunotherapy has been 

previously associated with an increased number of allergen-specific class-switched 

memory B cells and plasmablasts.92, 93  

 In the present study, we investigated the role of allergen-specific B cells in 

the induction of clinical and immune tolerance to HDM. Allergen-specific B cells are 

present in circulation at very low frequencies.94 Small fractions (<0.05%) of B cells 

express a B cell receptor (BCR) that binds fluorescent dyes such as phycoerythrin 

(PE).95 Therefore, accurate detection of allergen-specific B cells requires staining with 

antigens labeled with two structurally unrelated fluorescent dyes. We present here a 

reproducible technique to identify Der p 1-specific B cells with the method of dual-

color allergen-labeled fluorescence staining.  
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 Accordingly, AIT for the treatment of HDM-allergy will be performed and Der 

p 1-specific T and B cells will be analyzed in peripheral blood samples during AIT. 

Currently, a prospective analyzes of Der p 1-specific T and B cell responses during 

AIT has not been done. This study is for further understanding of the possible roles 

of Der p 1-specific T and B cell on AIT immune tolerance. 
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3. Objectives and Hypothesis 
Primary objective: 

To identify subset of Der p 1-specific functional Treg (FOXP3+Helios+CD25+CD127-

CD4+CD3+), inactive Treg (ILT3+CD25+CD4+CD3+) and Breg (IL-10+IL-1RA+CD73-

CD25+CD71+CD19+) cells that change during the course of AIT. 

Secondary objective: 

To identify biological markers for good AIT responsiveness in allergic patients 

Hypothesis: 

Allergen immunotherapy upregulates functional Treg (FOXP3+Helios+CD25+CD127-

CD4+CD3+) and Breg (IL-10+IL-1RA+CD73-CD25+CD71+CD19+), but downregulates non-

functioning or inactivation (ILT3+CD25+CD4+CD3+). These specific immunomodulation 

resulted to AIT-induced immunotolerance and clinical improvement (Fig 4). 

 
Figure. 4 Mechanism of AIT includes our hypothesis.1 
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4.       Methods 
4.1 Study population 

 Twenty-five adult allergic patients with allergic rhinitis or allergic asthma who 

are recommended for AIT by a physician at the Allergy Clinic, Pharmongkutklao 

Hospital, Bangkok, Thailand will be recruited to participate in this study. All 

participants met the following enrollment criteria: a history and objective symptoms 

of HDM-related and positive skin prick test (wheal diameter ≥ 6 mm2 than negative 

control) with D. pteronyssinus extract (Alk-Abello, Round Rock, TX, USA).  

Approximately, 80% the allergic patients at the Allergic Clinic, Phramongkutklao 

hospital displayed positive skin prick test with mites.96 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 5,000 Allergy Units/ml and D. farinae 5,000 Allergy Units/ml (Alk-

Abello). The study protocol is shown in Figure 5.  

 
Figure 5. Study protocol. AIT; Allergen-specific immunotherapy, VAS; Visual analogue scale, 
TNSS; Total nasal symptom score.  
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Sample size 

 This study is entirely novel. We used data from the previous pilot study to 

calculate sample size. Our null hypothesis is that there will be no difference of 

frequency in Der p 1-specific Treg and Breg cell subsets between different time 

points. We will study the same subjects at 3 different time points thus. The previous 

pilot study, we found increased 25% in the frequency of allergen-specific T and B 

cells during AIT that significantly varies throughout AIT. Then the minimal clinical 

difference is 1.75 (25% increase from level observed in pilot data). The variance from 

my pilot data is 3.26. We considered that if the P-value is less than 0.05, there is 

sufficient evidence to reject the null hypothesis, as there is only a small chance of 

the results occurring if the null hypothesis is true. The formula to calculate sample 

size presents in figure 6. 

  
Figure 6. The calculation of an adequate sample size determined in this study. 

Thus, we will have 25 subjects undergoing AIT for confirmation of changes during therapy. 

Sample size calculations were done by Dr. Cameron Paul Hurst with R software. 
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4.2 Study protocol: 

1. Clinical study 

The study protocol will be explained to all precipitants before recruiting the 

study. At baseline, all participants will be interviewed for allergic symptoms and 

examine allergen by using skin prick test. Then the participants will be started AIT 

and followed the protocol of injection mite immunotherapy until 3 years of AIT 

(Table 1). 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. 

Table 1. Schedule of injection mite immunotherapy 

Visit Antigenic dilution concentration Volume (ml) Antigen (AU) 

Accumulate 

antigen 

(AU) 

W1 1:1000 (5 AU/ml) 0.05 0.25 0.25 

W2 1:1000 (5 AU/ml) 0.1 0.5 0.75 

W3 1:1000 (5 AU/ml) 0.15 0.75 1.5 

W4 1:1000 (5 AU/ml) 0.2 1 2.5 

W5 1:1000 (5 AU/ml) 0.25 1.25 3.75 

W6 1:1000 (5 AU/ml) 0.3 1.5 5.25 

W7 1:1000 (5 AU/ml) 0.35 1.75 7 

W8 1:1000 (5 AU/ml) 0.4 2 9 

W9 1:1000 (5 AU/ml) 0.45 2.25 11.25 

W10 1:1000 (5 AU/ml) 0.5 2.5 13.75 
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W11 1:100 (50 AU/ml) 0.05 2.5 16.25 

W12 1:100 (50 AU/ml) 0.1 5 21.25 

W13 1:100 (50 AU/ml) 0.15 7.5 28.75 

W14 1:100 (50 AU/ml) 0.2 10 38.75 

W15 1:100 (50 AU/ml) 0.25 12.5 51.25 

W16 1:100 (50 AU/ml) 0.3 15 66.25 

W17 1:100 (50 AU/ml) 0.35 17.5 83.75 

W18 1:100 (50 AU/ml) 0.4 20 103.75 

W19 1:100 (50 AU/ml) 0.45 22.5 126.25 

W20 1:100 (50 AU/ml) 0.5 25 151.25 

W21 1:10 (500 AU/ml) 0.05 25 176.25 

W22 1:10 (500 AU/ml) 0.1 50 226.25 

W23 1:10 (500 AU/ml) 0.15 75 301.25 

W24 1:10 (500 AU/ml) 0.2 100 401.25 

W25 1:10 (500 AU/ml) 0.25 125 526.25 

W26 1:10 (500 AU/ml) 0.3 150 676.25 

W27 1:10 (500 AU/ml) 0.35 175 851.25 

W28 1:10 (500 AU/ml) 0.4 200 1051.25 

W29 1:10 (500 AU/ml) 0.45 225 1276.25 

W30 1:10 (500 AU/ml) 0.5 250 1526.25 

After 30 weeks, patients undergo 0.5 ml (1:10 concentration) every 2 – 4 weeks until 2 - 3 years. 

2. Clinical assessment 
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The participants will assess allergic symptoms by using the visual analogue 

scale. Total nasal symptoms score (TNSS, possible score 0 -12) is widely used to 

evaluate the severity of allergic rhinitis.97 Because we recruited patients with among 

allergic rhinitis, asthma, and atopic dermatitis, that don’t have the specific 

questionnaire to access various allergic diseases in the same scale. Allergic symptoms 

are monitored with visual analogue scale (VAS) and validated can be used to follow 

up symptoms in allergic rhinitis, asthma and atopic dermatitis patients.98-100 The VAS 

is a measurement instrument that is determined by measuring the distance (mm) on 

the 10-cm line. A VAS is a measurement instrument that tries to measure a 

characteristic or attitude that is believed to range across a continuum of values and 

cannot easily be directly measured. For example, the amount of allergic symptoms 

that a patient feels ranges across a continuum from none to an extreme amount of 

severe. From the patient's perspective, this spectrum appears continuous ± their 

allergic symptoms do not take discrete jumps, as a categorization of none, mild, 

moderate and severe would suggest. It was to capture this idea of an underlying 

continuum that the VAS was devised. The patient marks on the line the point that 

they feel represents their perception of their current state.101 The patient had to 

record on the same questionnaire whenever they used medication (1 point: to use 

beta-2 agonists, antihistamine, pseudoephedrine and montelukast; 2 points: 

inhaled/intranasal corticosteroid; 3 points: one tablet of corticosteroid) and were 

calculated as Total medication score (TMS).102 Symptom-mediation score (SMS) 

combines clinical symptom (VAS) and TMS, which represents treatment efficacy and 

assesses the different outcome measures to discriminate between active treatment 

and placebo.103, 104 

3. Laboratory study 

The 20 ml venous blood is collected at baseline, 10 weeks, 30 weeks, 2 years 

and 3 years during AIT. Peripheral blood mononuclear cells (PBMCs) will be isolated 

by low-density gradient centrifugation (Ficoll-Paque Plus) from peripheral blood. 
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Plasma will be stored in 2 mL microcentrifuge tube. All samples will be frozen in -80 

°C liquid nitrogen until the final analysis at the laboratory at Division of Allergy and 

Clinical Immunology Department of Medicine Faculty of Medicine Chulalongkorn 

University. 

Der p 1-specific B cells 

 To define the frequency of Der p 1-specific B cells, 107 PBMCs were stained 

using eF780 viability dye (eBioscience). Then cells were washed in staining buffer 

(PBS, pH 7.2, 0.5% bovine serum albumin, and 2 mM EDTA) and resuspended in 100 

µL staining buffer. FcR blocking reagent (Miltenyi Biotec) was added to cells according 

to manufacturer’s instructions. Afterward, cells were stained with antibodies against 

surface markers (Table 2) at 4°C for 15 min. Alexa Fluor 488-IgA (Jackson Laboratory, 

Bar Harbor, ME, USA) and Dy405-IgG1 (Sanquin, Amsterdam, Netherland) were stained 

to detect IgA and IgG1 respectively. For IgG4 staining, anti-IgG4 Ab (Alta Bioscience, 

Bermingham, UK) labeled with biotin (Innova Biosciences, Cambridge, UK) and 

Streptavidin-PE/Dazzle 594 (Biolegend) was used.  

Table 2. Antibodies used in flow cytometry for B cells analysis 

Antigen Parameter Clone Manufacturer 

CD19 BV510 HIB19 Biolegend 

CD27 AF700 M-T271 Biolegend 

IgM BV605 MHM-88 Biolegend 

IgM PerCP/Cy5.5 MHM-88, Biolegend 

CD38 BV786 HIT2 BD Biosciences 

CD3 eFlour780 UCHT1 eBiosciences 

CD14 APC/Cy7 HCD14 Biolegend 
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CD16 APC/Cy7 3G8 Biolegend 

CD73 PE AD2 Biolegend 

CD25 PE/Dazzle594 M-A251 Biolegend 

CD71 PE/Cy5 M-A712 BD Biosciences 

CD24 BV421 ML5 Biolegend 

Streptavidin PE/Dazzle594  Biolegend 

IgA AF488  Jackson Laboratory, USA 

IgG1 Dy405  Sanquin, Netherland 

IgG4 Biotin  Alta Bioscience, Bermingham, UK 

 

To identify Der p 1-specific B cells, we selected BV510-CD19 (violet laser, 

Exmax 415 nm) and labeled Der p 1 with Dy633 (red laser, Exmax 633 nm) and PE-Cy7 

(blue laser, Exmax 496 nm) to detect the Der p 1-specific B cells by flow cytometry. 

After labeling of Der p 1 with Lightning-Link Dy633 Rapid Conjugate System and 

Lightning-Link PE-Cy7 Tandem Conjugate Kit (both from Innova Biosciences). The 

conjugated Der p 1 constructs were titrated for optimal concentration for staining. 

After viability dye staining, FcR blocking reagent (Miltenyi Biotec) was added to cells 

for blocking unspecific binding. We prepared the mixture of labeled Der p 1 allergens 

containing Der p 1- Dy633, Der p 1-PE-Cy7 and added all surface staining. We added 

the mixture into the sample to avoid blocking of the Der p 1-specific BCR that may 

occur in the case of adding Der p 1 conjugates sequentially. We purified double Der 

p1-Dy633+, Der p 1-PE-Cy7+, single Der p1- Dy633+and single Der p 1-PE-Cy7+ class-

switched memory B cells (Fig 7, A). After 7 days of culturing with CD40L and rIL-21, 

cells were immortalized by transduction with BCL6 and BCL-xl according to method 

by Kwakkenbos MJ, et al.105 After in vitro expansion of immortalized B cells, we 
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found that more than 95% of the double Der p 1- Dy633+Der p 1-PE-Cy7+ B cells 

retained their double-color positive staining while single positive B cells did not (Fig 

7, B). More importantly, we also measured Der p 1-specific-IgG levels in the culture 

supernatant after 7 days by ELISA. Der p1- Dy633+Der p 1-PE-Cy7+ B cells showed 

high Der p 1-specific IgG levels while single-color Der p 1+ B cells did not produce 

Derp 1-specific IgG (Fig 7, C).  

 
Figure 7. A, We purified double Der p 1-Dy633+, Der p 1-PE-Cy7+, single Der p1- Dy633+and single 

Der p 1-PE-Cy7+ class-switched memory B cells. The cells were cultured with CD40L and rIL-

21cells, and immortalized by transduction with BCL6 and BCL-xl. After 7 days, the cells were 

stained with Der p 1-Dy633 and Der p 1-PE-Cy7 to identify Der p 1-specific B cells. B, Frequency 

of Der p 1-specific B cells after 7 days in vitro expansion of immortalized B cells (n = 5). C, Der p 

1-specific-IgG levels in the culture supernatant after 7 days by ELISA. 

 For intracellular cytokine staining, 5x106 PBMCs were stimulated for 48 h with 

1 µM of the TLR9 ligand CPG2006 (Microsynth, Balgach, Switzerland) in 2 ml 
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complete RPMI 1640 medium (Sigma-Aldrich, St. Louis, MO USA). After 48 h, PBMCs 

were stimulated with 20 ng/ml PMA and 1 µg/ml ionomycin for 2 h followed by 2 h 

in the presence of 10 µg/ml brefeldin A (all from Sigma-Aldrich, St. Louis, MO, USA). 

After surface staining, cells were washed with staining buffer and fixed and 

permeabilized using Cytofix/CytopermKit (BD Biosciences, San Jose, CA, USA) and 

stained with anti-IL-10-PerCP/Cy5.5 (clone JES3-9D7, Biolegend) and anti-IL-1RA-FITC 

(clone CRM17, eBioscience), incubated for 30 min in the dark at 4°C and washed with 

staining buffer. All samples were analyzed and sorted with a FACSAria III (Beckton 

Dickinson, Franklin Lakes, NJ, USA). Data were analyzed by Kaluza Software (Beckman 

Coulter, Indianapolis, IN, USA). 

Purified recombinant Der p 1 (Allergopharma AG, Therwil, Switzerland) was 

labeled with Lightning-Link Dy633 Rapid Conjugate System and Lightning-Link PE/Cy7 

Tandem Conjugate Kit (both from Innova Biosciences). The conjugated Der p 1 

constructs were titrated for optimal concentration for staining. Der p 1-specific class-

switched B cells were gated as CD19+IgM- and double positive for Der p 1-Dy633 and 

Der p 1-PE/Cy7. As a negative control, cells were incubated with purified non-labeled 

Der p 1 for 15 minutes in the dark at 4°C to block Der p 1-specific BCRs before adding 

the conjugated Der p 1.  

 To measure Der p 1-specific immunoglobulins, 5 µg/ml Der p 1 was coated to 

a Nunc Maxisorb microtiter plate (Thermo Scientific, Waltham, MA, USA) at 4°C 

overnight and then blocked with blocking buffer (PBS pH7.4, 1% BSA, 0.05% Tween 

20). Diluted plasma samples (in the blocking buffer) were added and incubated for 2 

hours at room temperature. For specific IgG4 and IgE detection, mouse anti-human 

IgG4 and IgE (Bionostics, Devens, MA, USA) was used, followed by incubation with 

peroxidase-conjugated goat anti-mouse IgG and IgE (Thermo Scientific). For specific 

IgA detection, goat anti-human IgA-HRP (Bethyl Laboratories, Montgomery, TX, USA) 

and tetramethylbenzidine (TMB) substrate were used. The reaction was stopped by 

2M sulfuric acid, and OD450 nm values were measured by a Mithras LB 940 
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spectrophotometer (Berthold Technologies, Bad Wildbad, Germany). The results were 

expressed as arbitrary units (AU) based on the positive in-house pool plasma of HDM 

allergic patients. 

Der p 1-specific T cells 

For Ag-specific tetramer, first, we checked 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 performed using the 

AllSet+TM Gold DR Low and High Res SSP kits (Invitrogen, Carlsbad, CA, USA), 

according to the manufacturer 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 3.  

Table 3. Patient characteristics in Der p 1-specific T cells study 

Patient no. Sex HLA-DRB1 Disease 

1 Male 0401 AR, AD 

2 Male 1101 AR, AD 

3 Female 1501 AR 

4 Female 0401 AR 

5 Female 1501 AR, AD 

6 Male 1501 AR 

7 Male 1101 AR 

8 Female 1501 AR 

9 Male 0401 AR, AA 
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10 Female 1501 AR, AA 

11 Female 1101 AR, AA 

12 Female 0401 AR, AA 

AA; Allergic asthma, AD; Atopic dermatitis, AR; Allergic rhinitis. 

For Der p 1-specific CD4+ T cell staining, PBMCs were enriched with anti-CD3 

magnetic MicroBead (Miltenyi Biotec, Bergisch Gladbach, Germany) and separated by 

autoMACS separator (Miltenyi Biotec) according to 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 buffer 

saline, pH 7.2, 0.5% bovine serum albumin, and 2 mM EDTA). Cells were incubated 

with 2 µg/ml of phycoerythrin (PE)-Der p 1-tetramers in complete RPMI medium at 

room temperature for 30 minutes. The PE labeled-empty (without any peptide) HLA-

DRB 0401, 1101 and 1501 tetramers, as well as non-MHC matching tetramers, were 

used as negative control. Epitopes from Der p 1 for HLA-DRB1*0401, DRB1*1101 and 

DRB1*1501 were did identified by Tetramer Guided Epitope Mapping (Table 4) 106. Der 

p 1 specific MHCII-tetramer and empty tetramer-labeled with PE were produced by 

the Benaroya Research Institute (Seattle, WA, USA). The method to measure pMHCII-

tetramer specificity was described in the previous study 87. 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) in 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 Biolegend) at room 
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temperature in the dark for 30 minutes. After washing in staining buffer, cells were 

resuspended in phosphate buffer saline with 0.1% paraformaldehyde and 2 mM 

EDTA. Cells were measured by FACSAria III (Beckton Dickinson, Franklin Lakes, NJ, 

USA). Data were analyzed by Kaluza Software (Beckman Coulter, Indianapolis, IN, 

USA). 

Table 4. Der p 1 T-cell epitopes 

Tetramer Reagents                Sequence 

DR0401/Der p 1 233-252     HSAIAVIIGIKDLDAFRHYD     
DR1101/Der p 1 185-204     GVVQESYYRYVAREQSCRRP      
DR1501/Der p 1 265-284     PNYHAVNIVGYSNAQGVDYW    

 

For Intracellular cytokine staining, the anti-CD3 positively enriched cells were 

treated with phorbol 12-myristate 13 acetates (PMA) and ionomycin 4 hours and 

then with brefeldin A (all from Sigma-Aldrich, Buchs, Switzerland) 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). 

Fixation/permeabilization staining (BD Bioscience) was performed according to the 

manufacturer's protocol. Cells were then stained with PE/Cy7-anti-IL-10 (clone JES3-

9D7) for 30 minutes at 4 °C. Corresponding isotype-matched antibodies were used as 

negative controls in all stainings.  

For Treg suppression assay, PBMCs from allergic asthma patients from 

Hochgebirgsklinik, Davos, Switzerland 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 negative fraction, and the final 
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positive fraction was irradiated and used as co-cultured 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 (Beckton Dickinson).  T effector cells were stained with 

CellTrace violet cell proliferation kit (ThermoFisher, 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 Sigma-Aldrich) in 

complete RPMI medium in 96 U bottom well plate at 37 C, 5% CO2 for 5 days. Treg 

cells and T effector cells were co-cultured in different Treg: T effector cell ratios. 

After 5 days, cells were harvested and washed 2 times with phosphate buffer saline. 

Cells were stained with 0.5 µl viability dye eFluor 780 (eBioscience) for 30 min 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 Biolegend) for 15 min at room temperature. 

Cells were washed 2 times with staining buffer and analysed by flow cytometry. 

4. Statistical analysis 

Data are expressed as a 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. The Mann-Whitney U test was used to compare 

differences between responder and non-responder groups. Spearmen’s test was 

performed for correlation analyses. The correlation network was performed with R 

version 3.4.2 (The R Foundation for Statistical Computing, Vienna, Austria). Statistical 
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analyses and heat map correlation were performed with GraphPad Prism 7 (GraphPad 

Software, La Jolla, CA, USA). P value < 0.05 was considered as significant. 
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5. Results 
5.1  Der p 1-specific B cells 

5.1.1 Characterisation of responder and non-responder patients after 2 

years of AIT 

Sixteen patients, who completed 2 years of AIT, were classified as responder 

or non-responder using SMS measured at baseline and after 2 years of AIT. The 

baseline patient characteristics are shown in Table 5. Eleven patients in the 

responder group improved clinically by decreased SMS from 13.23 ± 0.28 to 2.45 ± 

0.24, P = 0.001 while SMS was 13.1 ± 1.1 to 10 ± 0.9, P = 0.12 in five clinically non-

responder patients before and after 2 years of AIT, respectively (Fig 8, A). Also, the 

percentage change of SMS decreased significantly in responders more than non-

responders (Fig 8, A).  In the responder group, mean wheal diameter of skin prick test 

reactivity to HDM decreased from 7.0 ± 1.3 mm to 2.7 ± 0.5 mm, P = 0.001, whereas 

it was 7.6 ± 1.1 mm and 5.6 ± 0.5 mm, P = 0.06 in non-responder patients (Fig 8, B). 

Moreover, the relative percentage difference of mean wheal diameter was reduced 

significantly in responders compared to non-responders (Fig 8, B).   
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Table 5. Patient baseline characteristic in Der p 1-specfici B cells study 
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Figure 8. Decreased clinical symptoms and house dust mite sensitization after 2 years of 
allergen-specific immunotherapy (AIT) in responder patients. A, the Clinical response was 
assessed by symptom-medication score (SMS) in house dust mite allergy undergoing 
subcutaneous injection AIT (responder patients, n = 11 and non-responder patients, n = 5) and 
percentage change of SMS between before and 2 years (2 y) AIT. B, Mean wheal diameter and 
percentage change of positive Dermatophagoides pteronyssinus skin prick test compared 
between before and 2 years of AIT. ***p < 0.001. 

In addition, SMS and mean wheal diameter of positive skin prick test showed 

positive correlation in responders (r = 0.77, p = 0.0002) and non-responders (r = 0.18, 

p = 0.43) after 2 years (Fig 9, A). The VAS and TMS also decreased significantly in 

responders more than non-responders (Fig 9, B and C). 
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Figure 9. A, Correlation between symptom-medication score and positive Dermatophagoides 

pteronyssinus skin prick test in responder and non-responder patients. B and C, Clinical response 

was assessed by visual analogue scale (VAS) and total medication score (TMS) in house dust 

mite allergy undergoing subcutaneous injection allergen-specific immunotherapy (AIT) compared 

between before and 2 years (2 y) of AIT, responder patients, n = 11 and non-responder patients, 

n = 5. **P < 0.01, ***P < 0.001 

5.1.2 Increased frequency of Der p 1-specific B cells during the 2 years of 

AIT 

 To study allergen-specific B cell responses during AIT, Der p 1-specific class-

switched B cells (CD19+IgM-Der p 1+) were analyzed using flow cytometry. The gating 

strategy and control are shown in figure 10. The frequency of Der p 1-specific B cells 

was investigated before the start, at 10 weeks and 30 weeks and after 2 years of AIT. 
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In responder patients, AIT significantly increased the frequency of Der p 1-specific 

class-switched B cells after 30 w and 2 years of AIT compared with baseline. Mean 

changes were from 0.049 ± 0.012 % at the baseline to 0.073 ± 0.019 % at 10 w, 0.097 

± 0.021 % at 30 w and 0.165 ± 0.029 % after 2 years (Fig 11, A and B). Next, we 

analysed a biomarker for AIT treatment efficacy.  Increased Der p 1-specific B cells 

from baseline to 2 years was observed in responders (3.60 ± 1.20-fold increase after 

2 years) compared to non-responder patients (0.59 ± 0.41-fold increase) (Fig 11, C).  

 

Figure 10. Gating strategy for Der p 1-specific cells in peripheral blood mononuclear cells. 

Lymphocytes were first gated from the forward and side scatter plot. After doublet 

discrimination, live CD19+CD3-CD14-CD16- cells were gated.  Then IgM- (class-switched B cells) 

was gated. Der p1-Dy633+ and Der p 1-PECy7+ were identified as Der p 1-specific B cells. The 

negative control, cells were incubated with an excess of non-labeled Der p 1 to block 

subsequent binding of labeled Der p 1 to the B cells receptor. Der p 1-specific IgA+ B cells were 

gated on Der p 1-specific B cells and Der p 1-specific IgG1+ and IgG4+ B cells were gated on Der p 

1-specific IgA-IgM- B cells. 
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Figure 11. Increased Der p 1-specific class-switched B cells in responder patients during allergen-
specific immunotherapy (AIT). A, Representative dot plot of a representative responder patient. 
Cells were gated as CD19+IgM- and Der p 1-specific cells were identified as dual stained for Der p 
1-Dy633+ and Der p 1-PECy7+. B, Frequency of Der p 1-specific class-switched B cells before, at 
10 weeks (10 w), 30 weeks (30 w) and 2 years (2 y) of AIT. C, Fold change of Der p 1-specific 
class-switched B cells between before and after 2 years of AIT among responder patients (n = 
11) and non-responder patients (n = 5). *p < 0.05, **p < 0.01, ****p < 0.0001. 

5.1.3 Increased IgA and IgG4 isotypes of Der p 1-specific B cells and 

antibodies during AIT 

 We measured the expression of IgA, IgG1 and IgG4 Ig isotypes on Der p 1-

specific class-switched B cells. The representative gating strategies used to investigate 

the expression of IgA, IgG1 and IgG4 of Der p 1-specific (Der p 1+) class-switched B 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 35 

cells are shown in figure 10. The frequency of IgA+ and IgG4+-secreting-Der p 1+ B 

cells, as the percentage of total B cells, significantly increased after 2 years (Fig 12, A 

- E). IgA+ Der p 1-specific B cells showed expansion after 10 weeks and continued to 

increase during AIT in responder patients (Fig 12, B), without showing any significant 

difference between responder and non-responder patients (Fig 12, C). IgG4+ Der p 1-

specific B cells were detected at a very low frequency in allergic patients before the 

start of AIT and showed a significant increase after 30 weeks and continued to 

increase after 2 years of AIT (Fig 12, D). AIT responder patients showed a significantly 

higher frequency of IgG4+ Der p 1-specific class-switched B cells (0.27 ± 0.006%) 

compared to non-responder patients (0.008 ± 0.002%) after 2 years of AIT (Fig 12, D). 

Moreover, the degree of change (between before and 2 years) of IgG4+ Der p 1-

specific B cells was significantly higher in responders (20.52 ± 5.34-fold difference) 

compared to non-responders (6.97 ± 1.91-fold difference) after 2 years (Fig 12, E).  

The number of IgG1+ Der p 1-specific B cells did not show any difference between 

responders and non-responders at baseline or during AIT (Fig 12, F and G).  
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Figure 12. Increased Der p 1-specific IgA and IgG4-switched B cells in responder patients during 

allergen-specific immunotherapy (AIT). A, Representative dot plots of Der p 1-specific IgA+, 

IgG4+and IgG1+ B cells of the responder patients. B - G, Frequency of Der p 1-specific IgA+, 

IgG4+and IgG1+ B cells before, at 10 weeks (10 w), 30 weeks (30 w) and 2 years (2 y) of AIT and 

fold change between before and after 2 years of AIT compared between responder patients (n 

= 11) and non-responder patients (n = 5). *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.  

Plasma levels of Der p 1-specific IgA, IgG4 and IgE were also determined 

during AIT. At 2 years, we observed that plasma levels of Der p 1-specific IgA were 

increased compared to baseline in responders, which was greater compared to non-

responders (Fig 13, A). Plasma levels of Der p 1-specific IgG4 continued to increase 

only in responder patients until 2 years and were significantly higher compared to 

non-responder patients (Fig 13, B). Meanwhile, plasma levels of Der p 1-specific IgE 
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decreased significantly after 2 years of AIT in responder patients (Fig 13, C). 

Collectively, our data demonstrate that plasma levels of Der p 1-specific IgA and IgG4 

increase, whereas plasma levels of Der p 1-specific IgE decreae during AIT in 

responder patients.  

 
Figure 13. A - C, Plasma levels of Der p 1-specific IgA, IgG4 and IgE before, at 10 weeks (10 w), 30 

weeks (30 w) and 2 years (2 y) allergen-specific immunotherapy (AIT) compared between 

responder patients (n = 11) and non-responder patients (n = 5). Values are presented in arbitrary 

unit (AU). *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. 

5.1.4 Increased circulating plasmablasts response during AIT 

Plasmablasts were identified as CD19+CD27hiCD38hi cells in the circulation. 

Their gating strategy is shown in figure 10. The percentage of circulating plasmablasts 

increased in both groups, their frequency significantly increased from 0.20 ± 0.01% to 

0.30 ± 0.02% after 30 weeks and to 0.43 ± 0.03% after 2 years in responder patients 

during the course of AIT, whereas the increase in the plasmablasts in non-responders 

was not significant (Fig 14, A and B). The mean frequency of plasmablasts in 

responder patients was also significantly higher compared to non-responder patients 

after 2 years (Fig 14, B). Moreover, plasmablasts increased 1.21 ± 0.2 fold from 

baseline after 2 years, 0.52 ± 0.16 greater than non-responders (Fig 14, C). 
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Figure 14. Increased frequency of plasmablasts in responder patients during allergen-specific 
immunotherapy (AIT). A, Representative dot plot of a representative responder patient. Cells 
were first gated from CD19+ viable cells and plasmablasts were defined as CD27hiCD38hi. B and 
C, Frequency of plasmablasts before, at 10 weeks (10 w), 30 weeks (30 w) and 2 years (2 y) of 
AIT and fold change between before and after 2 years of AIT in responder patients (n = 11) and 
non-responder patients (n = 5). *p < 0.05, ****p < 0.001. 

5.1.5 IL-10 and IL-1RA single or double positive Breg cells expand in 

responders during AIT 

 To identify Breg cells, PBMCs were stimulated with the TLR9 ligand CPG 2006 

for 48 hours before the flow cytometry analysis, and we investigated IL-10- and IL-

1RA-producing Breg cells.107  We demonstrate in the present study that 3 subsets of 

Breg cells are detectable in the peripheral blood. The subsets are defined by staining 

positive for IL-10, IL-1RA or both. The gating strategy of Breg cells are shown in figure 
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15, and increased in the frequency of CD73-CD25+CD71+ Breg cells during AIT are 

shown in figure 16, A and B.  

 
Figure 15. Gating strategy for Breg cells in peripheral blood mononuclear cells. Lymphocytes 

were first gated from the forward and side scatter plot. After doublet discrimination, live 

CD19+CD3-CD14-CD16- cells were gated.  Then CD73- and CD71+CD25+ were gated. Afterward, IL-

10 and IL-1RA were gated to show total IL-10 (red box) and total IL-1RA (blue box) and dual IL-

10 and IL-1RA-producing Breg cells. 
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Figure 16. A and B, Frequency of CD73-CD71+CD25+ B cells before, at 10 weeks (10 w), 30 weeks 

(30 w) and 2 years (2 y) of AIT and fold change between before and after 2 years of AIT among 

responder patients (n = 11) and non-responder patients (n = 5). *P < 0.05, **P < 0.01. 

Within the CD73-CD25+CD71+ population, the frequency of IL-10+ Breg cells 

showed a significant difference between responder and non-responder patients. At 

30 weeks of AIT, the frequency of total IL-10+ Breg cells was significantly higher in 

responders (2.27 ± 0.30%) compared to non-responders (1.24 ± 0.13%) (Fig 17, A and 

B). Furthermore, the frequency of total IL-10+ Breg cells was significantly increased in 

AIT responders (2.60 ± 0.21%) compared to non-responders (1.75 ± 0.21%) after 2 

years (Fig 17, B). The frequency of total IL-1RA+ Breg cells also increased during AIT 

and showed a significant difference between responders (2.29 ± 0.18%) and non-

responders (1.47 ± 0.41%) after 2 years of AIT (Fig 17, C). Also, the frequency of dual 

positive IL-10+IL-1RA+ Breg cells significantly increased during AIT (Fig 17, D). After 2 

years, responders almost doubled the frequency of IL-10+IL-1RA+ Breg cells (1.26 ± 

0.09%) compared to non-responder patients (0.65 ± 0.12%) (Fig 17, D). As shown in 

Fig 17, B and D, either single or double IL-10+, and IL-1RA+ Breg cells showed a 

tendency to be already higher at the beginning of the study in responders. 
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Figure 17. The frequency of IL-10 and IL-1RA-producing Breg cells increased in responder 
patients during 2 years (2 y) allergen-specific immunotherapy (AIT).  A, Representative dot plots 
of responder patient. Cells were first gated from CD19+ viable cells and cells were gated as Breg 
cells. IL-10 and IL-1RA were gated on Breg cells and described as total IL-10+ (red), total IL-1RA+ 
(blue) and dual positive IL-10+IL-1RA+ Breg cells. B - D, Frequency of total IL-10+, total IL-1RA+ 
and dual positive IL-10+IL-1RA+ Breg cells before, at 10 weeks (10 w), 30 weeks (30 w) and 2 
years (2 y) of AIT among responder patients (n = 11) and non-responder patients (n = 5). *p < 
0.05, **p < 0.01. 
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5.1.6 Clinical symptoms and B cell responses during AIT 

 A correlation analyses of all investigated markers of the study between 

responder and non-responder patients before and 2 years after AIT are shown in Fig 

18, A. It appeared that a strong immune response that includes multiple parameters 

of antigen-specific B cells and Breg cells during AIT defines those who respond to 

therapy. An extensive correlation between B cell responses was observed in 

responders compared to non-responders (Fig 18, A). Also, the correlation between 

the clinical symptoms observed by SMS and the frequency of B cell subsets were 

analyzed to investigate the relationship between clinical tolerance and Breg cell-

related immune tolerance (Fig 18, B). The IgG4-secreting Der p 1-specific B cells 

showed a negative correlation with SMS in both among responders (r = -0.75, P < 

0.0001) and non-responders (r = -0.89, P = 0.0001). Also, the frequency of 

plasmablasts negatively correlated with SMS in both responder (r = -0.69, P = 0.0002) 

and non-responder patients (r = -0.62, P = 0.04). Moreover, increased IL-10+ Breg cells 

negatively correlated with clinical symptoms during AIT in both responders (r = -0.67, 

P = 0.0005) and non-responder patients (r = -0.67, P = 0.03). Also, SMS negatively 

correlated with dual positive IL-10+IL-1RA+ Breg cells, among responder (r = -0.42, P = 

0.04) and non-responder patients (r = -0.67, P = 0.03). The frequency of IgG4-secreting 

Der p 1-specific B cells also positively correlated with the frequency of plasmablasts, 

and IL-10+ Breg cells in both groups (Fig 18, B). In all these correlation analyses, 

responders showed a stronger correlation compared to therapy in non-responders. 

The r-value of correlation and significance of all data of responder and non-

responder patients are shown in figure 18, C.  
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Figure 18. Correlation data of responder and non-responder patients.  A, Correlation network 

displaying Spearman correlation between all comparisons in responder and non-responder 

patients. B, Correlation between symptom-medication score (SMS) and Der p 1-specific IgG4+ B 

cells, plasmablasts, total IL-10+ and dual positive IL-10+IL-1RA+ Breg cells during allergen-specific 

immunotherapy (AIT) between before and 2 years after AIT. C, Heatmap displaying Spearman 

correlation between all comparisons in responder and non-responder patients. *P < 0.05, **P < 

0.01, ***P < 0.001, ****P < 0.0001. 
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5.1.7 Summary results of Der p 1-specific B cells 

IgG4+ and IgA+ Der p 1-specific B cells showed a significant increase after AIT, 
with a significantly higher frequency in responders compared to non-responder 
patients in IgG4+ but not in IgA+ fraction (Fig 19). The frequency of plasmablasts, IL-10 
and/or IL-1RA-producing Breg cells was higher among responders compared to non-
responders after 2 years (Fig 19). Increased frequency of Der p 1-specific IgG4+ B cells, 
plasmablasts, IL-10+ and dual positive IL-10+IL-1RA+ Breg cells significantly correlated 
with improved clinical symptoms throughout AIT. 

Figure 19. Increased IgA- and IgG4-expressing Der p 1-specific B cells, plasmablasts, and IL-10+ 
and IL-1RA+ Breg cells in house dust mite immunotherapy responder (Graphic abstract made by 
Anna Goblinska, the graphic editor of Allergy). 

 5.2 Der p 1-specific T cells 
5.2.1 Der p 1-specific Treg cell responses during AIT 

 Twelve patients matched with Der p 1-tetramer were investigated Der p 1-

specific T cells compared between baseline, 10 weeks, 30 weeks and 3 years after 

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 20, A. 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 (Fig 20, B). We found that the frequency of Der p 1-specific 

FOXP3+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 (Fig 20, B). The 

frequency of Der p 1-specific FOXP3+Helios- Treg cells did not change significantly 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 45 

during AIT (Fig 20, B). Similarly, non-specific FOXP3+Helios+ and FOXP3+Helios- Treg 

cells did not change during the therapy (Fig 20, C). Thus, AIT induced allergen-specific 

Treg cell response, but it did not affect the non-specific Treg cell. 

 
Figure 20. Increased frequency of Der p 1-specific FOXP3 and Helios positive Treg cells during 

allergen-specific immunotherapy (AIT). A, Gating strategy of Der p 1-specific Treg cells. Identified 

cells were first gated on lymphocytes and single cells. Alive CD3+ cells were gated after gating 

out dead cell (viability+), CD14+, CD16+ and CD19+. Der p 1-specific CD4+ T cells were gated on 

Der p 1 peptide-MHCII tetramer+. Empty peptide-MHCII tetramer was used as negative control. 

Treg cells were identified by the expression of CD4+CD25+CD127- and then gated on FOXP3 and 

Helios. Another Treg population was gated on CD3+CD4+CD25+ILT3+ cells. Effector T cells were 
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gated on CD4+CD25- T cells. B, Representative flow cytometry dot plots (left) and the frequency 

(right) of Der p 1-specific FOXP3+Helios+ and FOXP3+Helios- Treg cells during AIT (n = 12). C, There 

was no change in the frequency of non-specific FOXP3+Helios+ and FOXP3+Helios- Treg cells 

during AIT. The values are presented as the mean value. **P < 0.01, ****P < 0.0001 

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 (Fig 21, A). No significant changes in non-specific 

CD4+CD25+ILT3+ T cells were observed (Fig 21, B). Therefore, we performed in vitro 

suppressive assay to compare functions of ILT3+ and ILT3- Treg cells. Interestingly, 

CD4+CD25+ILT3+ Treg cells displayed 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 (Fig 21, C). Also, we further examined FOXP3 and 

Helios expression in ILT3+ and ILT3- Treg cell. We found that within ILT3+ Treg cells 

the frequency of FOXP3+Helios+ cells was significantly low compared to ILT3- Treg 

cells. Hence, AIT reduced dysfunctional allergen-specific Treg cell response in 

addition to increasing FOXP3+Helios+ Teg cell frequency. 
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Figure 21. Decreased frequency of Der p 1-specific ILT3+ Treg cells during allergen-specific 

immunotherapy (AIT). A, Representative flow cytometry dot plots (left) and the frequency (right) 

of Der p 1-specific ILT3+ Treg cells during AIT (n = 12). B, The frequency of non-specific ILT3+ Treg 

cells during AIT. C, In vitro Treg suppression assay, comparing the suppressive capacity of ILT3- 

and ILT3+ Treg cells. Sorted T effector cells were labeled with CellTrace Violet, stimulated with 

anti-CD3 and anti-CD28, and cocultured with sorted ILT3- or ILT3+ Treg cells for 5 days. The 

frequency of T effector cells proliferation (left) and the overlay histogram (right) of ILT3- or ILT3+ 

Treg cells at various ratios (n = 6). D, Dot plots (Left) and the frequency (Right) of FOXP3 and 

Helios expression on ILT3- and ILT3+ Treg cells (n = 48). The values are presented as mean value 

± SEM. *P < 0.05, **P < 0.01, ****P < 0.0001. 
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5.2.2 Der p 1-specific IL-10 Treg cell responses during AIT 

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

Der p 1-tetramer+CD4+ T cells, which are producing IL-10, (Fig 22, A). 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 (Fig 22, B). 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 weeks time point but was still higher compared to baseline (Fig 

22, B). For comparison, there was no significant change in IL-10, non-specific CD4+ T 

cells during AIT (Fig 22, C).  
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Figure 22. Increased IL-10-producing Der p 1-specific CD4+ T cell responses during allergen-

specific immunotherapy (AIT). A, Gating strategy of the cytokine profile of non-specific and Der p 

1-specific CD4+ T cells. Peripheral blood mononuclear cells were stimulated with phorbol 12-

myristate 13 acetates (PMA) and ionomycin for 4 hours followed by brefeldin A for 2 hours 

before staining and flow cytometry analysis. B, Representative dot plots (left) and the 

frequencies (right) of Der p 1-specific IL-10+ Treg cells during AIT (n = 12). C, Frequency of non-

specific IL-10-producing Treg cells during AIT. The values are presented as the mean value. *P < 

0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001. 
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5.2.3 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 (Fig 23, A). 

The efficacy of AIT and its link to Treg cells was further investigated by its correlation 

with TNSS. Improved allergic symptoms by reduced TNSS showed a significant 

correlation with increased frequency of functinal Der p 1-specific FOXP3+Helios+ and 

IL-10+
 Treg cells (Fig 23, B). Moreover, reduced allergic symptoms correlated with the 

decreased frequency of dysfunctional Der p 1-specific ILT3+ Treg cells (Fig 23, B).  

 
Figure 23. Reduced total nasal symptom score (TNSS) during AIT was linked to changes in Treg 

cell responses. A, Percent change of TNSS from baseline of 12 clinical responder patients during 

AIT. B, Scatterplot and Spearman correlation between TNSS and Treg cells responses. *P < 0.05, 

**P < 0.01, ***P < 0.001, ****P < 0.0001. 

5.2.4 Summary results of Der p 1-specific T cells 

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 
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1-specific FOXP3+Helios+CD25+CD127- Treg cells after 30 weeks was observed, which 

slightly decreased after 3 years of AIT (Fig 24). In contrast, Der p 1-specific 

immunoglobulin-like transcript 3 (ILT3)+CD25+ Treg cells decreased substantially from 

baseline after 3 years of AIT (Fig 24). ILT3+ Treg cells displayed compromised 

suppressive function and low FOXP3 expression. Also, Der p 1-specific IL-10 

responses have increased after 30 weeks and IL-10+ Der p 1-specific Treg cells 

remained present at high frequency after 3 years of AIT (Fig 24). Increased number of 

FOXP3+Helios+, IL-10+ and decreased ILT3+ Treg cell responses correlated with 

improved allergic symptoms. 

 
Figure 24. House dust mite immunotherapy induces an increase in Der p 1-specific activated 

Treg cells, IL-10-producing Treg cells and reduces Der p 1-specific dysfunctional ILT3+CD25+ 

Treg cells. Increased number of Der p 1-specific FOXP3+Helios+, IL-10+ and decreased Der p 

1-specific ILT3+ Treg cell responses correlated with improved allergic symptoms. House dust 

miet immunotherapy improves clinical symptoms which relates to the correction of 

dysregulated T cell responses (Graphic abstract made by Anna Goblinska, the graphic editor 

of Allergy). 
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6. Discussion 
6.1 Der p 1-specific B cells 

The present study focuses on HDM allergen, Der p 1-specific immune 

responses during 2 years of AIT in peripheral blood samples taken before, 10 weeks, 

30 weeks and 2 years of HDM extract subcutaneous AIT. The data presented here 

highlight essential aspects of peripheral allergen-specific B cell tolerance and links 

some of the findings to clinical tolerance. As a critical finding, the frequency of 

certain circulating allergen-specific B cells, Breg cell subsets and plasma cells 

changed during AIT and presented differences between therapy responder and non-

responder patients.  

In this study, a dual-labeling method was used to identify Der p 1-specific B 

cells. A similar approach has been used for the identification of Ara h 1 and Ara h 2-

specific B cells in peanut allergy and PLA-specific B cells in venom allergy.5,9,20 One of 

the first findings of the present study is as long as the patients received HDM AIT, 

their allergen-specific B cell numbers showed a significant increase, during 2 years 

AIT. Interestingly, this increase in a total number of Der p 1-specific B cells was up to 

3 times in 2 years in average responder patients. The findings suggest a steady and 

continuous but relatively slow increase in responder patients. It shows a difference 

compared to infectious diseases vaccine-specific B cell responses and booster 

injections of vaccines, which rather show a stronger and rapid increase after the 

booster doses.91 

In this study, we observed an increase in allergen-specific IgA+ and IgG4+ B 

cells during AIT, which was greater in responder compared to non-responder 

patients. Due to their very low frequency, IgE+ B cells could not be detected with the 

same method. We could detect plasma levels Der p 1-specific IgE that decrease 

during AIT. Increases in serum allergen-specific IgA and IgG4 levels were also found in 

responder egg-allergic patients during oral immunotherapy.108, 109 In grass pollen 
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immunotherapy, serum Phl p 5-specific IgA1 and IgA2 concentrations also increased 

after 2 years treatment.110 The increase in Der p 1-specific IgG4+ B cell frequency 

showed an initial response after low-dose allergen-specific subcutaneous injection. In 

high dose allergen exposure models, cat owners or beekeepers, as well as bee 

venom AIT, promotes the generation of functional IL-10-producing Treg cells and 

high levels of allergen-specific IgG4. 111-114 It is associated with tolerance induction 

without new sensitizations or asthma development. IgG4 has multiple features that 

may suggest a role in immune tolerance. IgG4 does not have any role in antibody-

dependent cellular cytotoxicity as it does not have a specific Fc receptor.115 

Moreover, IgG4 might restrict inflammation due to an inability to fix complement and 

control allergy as a result of competing with IgE as a blocking Ab for allergen binding 

to IgE Fc receptor-expressing cells.35, 116, 117 

We demonstrate here that circulating plasmablasts are increased during AIT 

and even highly expressed at 2 years in responder patients compared to non-

responders. It was an interesting finding to see a non-allergen-specific population 

change in an antigen-specific treatment, which can be due to a general vaccine effect 

and needs further research. The frequency of plasmablasts in HDM-allergic 

individuals and treated with AIT seems to be much higher than bee venom allergic 

individuals. In a previous study, we observed an increased frequency of plasmablasts 

during venom immunotherapy (VIT), but PLA-specific plasmablasts were rarely 

detected.107 Ara h 2-specific plasmablasts also increased during oral peanut 

immunotherapy.118 Intralymphatic immunotherapy induces grass pollen Ag-specific 

plasmablasts and increases tolerance to skin prick testing in a pilot study.119 In the 

present study, we could not detect Der p 1-specific plasmablasts as they were below 

the detection limit of flow cytometry. The assessment of immunoglobulin isotypes in 

allergen-specific plasmablasts by multicolor flow cytometry before immunotherapy is 

challenging because the number of antigen-specific plasmablasts is deficient. 
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Antigen-specific plasmablasts expressing specific BCR have been shown to increase 

intensely after vaccination or natural infection.27-29  

Here, we demonstrated that BR1 cells not only produce IL-10 but also 

produce IL-1RA. IL-10+IL-1RA+ Breg cells expanded significantly during AIT and were 

higher among responder patients. We previously reported IL-10-secreting CD73-

CD25+CD71+ Breg cells expanded in response to high-dose antigen exposure, both 

among patients receiving VIT and among beekeepers during beekeeping season.107 In 

addition, IL-10+ Breg cells suppress T helper cell proliferation and upregulate IgG4 

secretion.33 The present study introduces IL-1RA as a Breg cell cytokine in humans. 

The link of IL-1RA to IL-10 in B cells was first shown with increased IL-1RA in only IL-

10 transfected and overexpressing human B cells, which showed that B cells 

overexpressing IL-10 gained a suppressive and anti-inflammatory function with 

increased IL-1RA and decreased proinflammatory cytokines.120 Various anti-

inflammatory functions of IL-1RA has been reported.  IL-1 triggers a cascade of 

inflammatory mediators, chemokines and other cytokines. IL-1RA is an IL-1 inhibitor 

effective in reducing inflammation by blocking pro-inflammatory signals through the 

IL-1 receptor.121 Administration of IL-1RA to mice reduced inflammation in various 

disease.122 In humans, IL-1RA reduces the inflammatory effects of IL-1 and preserves 

cell function in diabetes and subarachnoid hemorrhage.121, 123 IL-1RA reduces IL-17-

producing T cells and induces Treg cell proliferation.30,31 IL-1RA might support IL-10 

to induce immune tolerance by B cells. In a murine model, IL-1RA, produced by 

mesenchymal stem cells, decreased the differentiation of B cells toward 

plasmablasts and induced the differentiation of macrophages toward a M2-like 

phenotype.19 However, the role of IL-1RA directly upon class-switched B cells in 

humans remains to be further studied.  

In correlation analyses between multiple parameters, we demonstrated here 

a distinct profile between responders and non-responders. We observed a strongly 

correlating overall immune response with multiple parameters of B cell responses in 
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therapy responders. The B cell immune response parameters also showed a negative 

correlation with SMS and SPT, suggesting an excellent link to clinical improvement. It 

is not entirely possible to identify which of these changes are fully linked to 

treatment success. However, increases in IgG4+ allergen-specific B cells, plasmablasts, 

and IL-10 and/or IL-1RA-producing Breg cells responses during the AIT are particular 

markers associated with successful treatment. As previously described, increases in 

allergen-specific IgA and IgG4 and decreases in allergen-specific IgE are the markers of 

successful immune response during AIT.118, 124-128 We aimed to demonstrate a 

biomarker to predict patient responsiveness to AIT. IL-10-producing Der p 1-specific B 

cells showed a significant difference after 30 weeks of AIT from baseline. Changes in 

the frequency of IgG4 class-switched B cells differed between responder and non-

responder patients. The responder patients also showed expansion of plasmablasts. 

Also, increased IL-10 and IL-1RA-producing Breg cells in responder patients were 

observed. However, it appeared that all of these might represent important targets 

that may predict clinical therapy response and high numbers are needed. It was not 

possible to demonstrate a single factor that identifies non-responder patients in the 

present study. Many factors such as gender, age, disease duration, socioeconomic, 

occupational, medical adherence, house environment, psychology and body mass 

index may play a role. Besides, additional allergen exposure and sensitization or 

degree of dust mite exposure might explain the variability in clinical response.  

6.2 Der p 1-specific T cells 

The present study demonstrates novel immunological mechanisms linked to 

the induction of peripheral allergen-specific tolerance by AIT. We demonstrated early 

increases in active Tregs resulting in desensitisation compared to delayed suppression 

of ineffective Tregs as a potential tolerance mechanism after 3 years. Der p 1-MHC 

class-II tetramer staining could be used to monitor peripheral 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.129, 130 In the 
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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 phenotypes and mechanism of action include the 

CD4+CD25+CD127-FOXP3+ nTreg and the CD4+ IL-10-secreting Tr1 cells.111, 131 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 is concordant with the 

previous data reported by others. 132 

As the availability of recombinant MCH class-II molecules is limited, 

knowledge on T cell epitopes and recruitment of participants to match with MHC 

class-II tetramers.90 Therefore, our study was not powerful enough to examine the 

differences between responders or non-responders to the therapy. Interestingly, we 

found here that TNSS was reduced by 88.5% in matched and by 57.1% in non-

matched HLA-DR patients after 3 years of AIT (Fig 25). Hence, allergen-specific Treg 

cells subsets responses in non-responders 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 allergen-specific 

memory B cell responses and the importance of allergen-specific effector and 

regulatory B cell balance should be studied in bigger cohorts.133 
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Figure 25. Change in total nasal symptom score (TNSS) after 3 years allergen-specific 

immunotherapy from baseline; comparison between matched (n = 12) and non-

matched (n = 13) HLA-DR patients. The data present as median.   

Helios is a specific marker for thymus-derived regulatory T cells.134 Combining 

FOXP3 and Helios intracellular staining is 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.135 Unlike FOXP3+Helios− Tregs, 

FOXP3+Helios+ Tregs secrete IL-10, but not other effector cytokines such as IFN-γ or 

IL-2.135 Moreover, Helios is selectively upregulated in CD4+ T cells during Th2 and T 

follicular helper cell responses to alum containing-protein vaccines.30 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 revitalize the concept of local allergen tolerance 

depending on Treg cells.26  

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 suggest 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 

expression of IL-5 and IL-13.32 FOXP3 plays an essential role in the maintenance of 

immunological tolerance to self and innocuous foreign antigens.136 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.136 
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Recently, new allergen-specific T cells subsets have been identified in allergic 

patients during AIT. Special AT-rich sequence-binding protein-1 (SATB1) is repressed 

in FOXP3+ Tregs following grass-specific immunotherapy, and its expression correlates 

with the clinical response.137, 138 Allergen-specific CD45RBlowCD27-

CRTH2+CD161+CD49d+ T cells (Th2A) are more frequent in allergic patients compared 

to non-allergic individuals and suggesting a role for the control of clinical allergic 

reactions by these cells that are induced by immunotherapy.139 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.140 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. Allergen-specific IL-10-

secreting Treg cells are essential components of the induction and maintenance of 

peripheral allergen tolerance enhanced by AIT.141  

It is also important to emphasize that direct analyses of the in vivo situation 

of circulating allergen-specific T cells is an advantage of the present study compared 

to cell cultures. Serum specific IgE/total IgE ratio and IgE-FAB, allergen-specific IgG4 

have been considered as potential surrogate candidate biomarkers.44 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 as well as avoidance of side effects. These studies 

require sophisticated techniques. 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 suggest that similar 

mechanisms can be necessary for the prevention of HDM allergy. None the less, a 

more extensive scale study, in a randomized controlled study, in particular, 
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comparing HDM-specific antibody-based assays versus Treg-based assays is warranted 

for identifying proper biomarkers predicting or monitoring AIT responders. 

6.3 Limitation of the study 

The limitations include the paucity of previous data for the vaccine employed 

from controlled trials, small numbers, lack of control group, lack of robust efficacy 

outcomes in the clinical trial. Moreover, extremely low frequencies of allergen-

specific T and B cells could detect in peripheral blood. Furthermore, the availability 

of recombinant MCH class-II molecules is limited, 50% of the patients in this study 

matched to Der p 1-MHC class-II tetramers. In addition, we did not find the biomarker 

to predict response to AIT before start allergen immunotherapy. One major handicap 

as a biomarker is these analyses require sophisticated laboratory approach and 

cannot be done at the point-of-care.   

.  .  
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7. Conclusion 
In conclusion, house dust mite immunotherapy involves upregulation of the 

activated Der p 1-specific Treg cells and downregulation of dysfunctional Der p 1-

specific Treg cells subset that are the new knowledge in AIT (Fig 26). Moreover, the 

present study demonstrates that Der p 1-specific B cells and Breg cell responses over 

a 2-year period during house dust mite immunothearpy and suggests novel 

mechanisms of allergen tolerance (Fig 26). In Breg cells, we also find Breg cells 

produce IL-1RA together with IL-10 increased during the AIT. It is the first discover in 

the field of immunology that Breg cells can produce IL-1RA. We show house dust 

mite immunotherapy leads to a reduction of allergic symptoms and medication 

which correlate to Treg and Breg cells changes. However, we could not find the 

biomarker to predict responder or non-responder to treatment before start AIT. 

Extension of the study to a larger number of patients and extending the study period 

should provide additional information for identifying biomarkers of long-term 

tolerance and successful AIT response. 

 
Figure 26. House dust mite immunotherapy involves upregulation of the activated Der p 1-

specific Treg cells and Tr1 cells, meanwhile downregulation of dysfunctional Der p 1-specific 

Treg cells subset. House dust mite immunotherapy also induces IgG4 and IgA producing allergen-

specific B cells, plasmablasts, and IL-10 and/or IL-1RA producing Breg cells. Treg and Breg cells 

changes correlate to clinical response during the treatment.
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