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Abstract

:

Allergic rhinitis (AR) is an important public health issue worldwide due to its increasing prevalence and impact on quality of life, school performance, and work productivity. Subcutaneous immunotherapy (SCIT) is used to treat AR and involves repeated injections of allergen extracts. SCIT is used for cases of severe AR with symptoms that are not adequately controlled by medication, when the side effects of medication limit treatment options, or where the aim is to cure rather than symptomatically treat. Although SCIT is effective, it is not necessarily curative. Furthermore, there is also a low but present risk of systemic allergic reactions, with systemic side effects occurring in less than 0–1% of treated patients. Sublingual immunotherapy (SLIT) has emerged as an effective and safe alternative to SCIT. SCIT and SLIT are the only immunotherapies currently available for AR. In addition to sublingual administration as an alternative to SCIT, other routes of antigen administration have been attempted with the goal of increasing safety while maintaining efficacy. This review discusses the efficacies of SCIT and SLIT, their mechanisms, the utility of intralymphatic immunotherapy (ILIT) as an alternative route of antigen administration, and the potential for immunotherapy using other routes of antigen administration.
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1. Introduction


The parenteral administration of allergens as immunotherapy has been used for nearly a century as a disease-modifying therapy for allergic respiratory diseases [1,2]. In contrast to pharmacotherapy for allergic rhinitis (AR), which focuses on symptom control, the main aim of allergen-specific immunotherapy (SIT) is to modify the immune system and cure AR. SIT also effectively reduces symptoms and the need for medication over time and prevents sensitization to new allergens and the development of asthma [3,4].



Subcutaneous administration was the sole effective route for administering allergens for more than 100 years [5].



During this time, extensive efforts were made to improve and standardize the quality of allergen extracts, with subcutaneous immunotherapy (SCIT) ultimately being established as a safer and more effective treatment [4,6]. Sublingual administration was developed in the 1990s and has become the standard route of administration. A drop of a solution is placed under the tongue and kept in the mouth for two minutes before being swallowed [7].



Other routes of administration were also considered, and various teams have investigated the efficacy of intranasal administration, with some reports [8,9,10]. Oral administration has failed to demonstrate efficacy against respiratory allergies but is expected to be effective against food allergies [11]. A previous study on grass pollen reported that transdermal administration using a patch test (applied to the skin for one to several days) reduced the symptoms of AR [12]. Intralymphatic allergen injections have recently been investigated as a promising new route of administration [13]. Intralymphatic immunotherapy (ILIT), consisting of three injections into the lymph nodes, has reduced the symptoms of rhinoconjunctivitis in humans [14].



Three main approaches are employed to increase the efficacy and safety of antigen-specific immunotherapy: improving the antigen administered, developing a route of antigen administration, and improving the administration schedule [13].



This review focuses on the effects of improving the route of antigen administration on the efficacy of antigen-specific immunotherapy.




2. Immunotherapy for AR: SCIT, SLIT, ILIT


2.1. SCIT


SCIT is used to treat AR and involves repeated injections of allergen extracts. SCIT is used for cases of severe AR with symptoms that are not adequately controlled by medication, when the side effects of medication limit treatment options, or where the aim is to cure rather than symptomatically treat.



Although SCIT is effective, it is not necessarily curative. Furthermore, there is also a low but present risk of systemic allergic reactions, with systemic side effects occurring in less than 0–1% of treated patients [15]. It also needs to be administered under the supervision of a skilled physician who is trained to adjust the immunotherapy dosage, and patients need to be observed for 15 to 30 min after the injection due to the risk of serious systemic side effects [16].



The efficacy of SCIT for seasonal allergic rhinitis (SAR), which was confirmed by greater reductions in seasonal symptoms and rescue medication than with a placebo, was recently reported [3]. The findings of a large, randomized trial also supported the dose-dependent efficacy of SCIT for SAR [17].



Since the effects of SCIT and regularly administered medication have not yet been directly compared in detail, future studies are warranted. Limited evidence is currently available to support the efficacy of the subcutaneous administration of allergens for perennial AR and there is a paucity of up-to-date systematic reviews or meta-ensembles. There are also no systematic reviews or meta-analyses. However, individual studies have demonstrated efficacy. Varney et al. [18] reported a 58% reduction in symptoms and a 20% reduction in the use of rescue medication with house dust mite (HDM) immunotherapy despite a large placebo effect. In a randomized controlled trial (RCT) on the efficacy of HDM immunotherapy for rhinitis, significant decreases were observed in a clinical index derived from symptom and drug scores, visual analog scores, the results of nasal challenge and skin prick tests, and also in each parameter examined [19].




2.2. SLIT


SLIT is effective for adults and children, and monitoring by physicians is only required for the first dose [20,21]. SLIT is considered to be safer than SCIT because side effects are generally confined to the upper respiratory tract and gastrointestinal tract [22]. The clinical and immunological effects of SLIT, similar to those of SCIT, have been suggested to persist after 3 years of continuous use [23].



Furthermore, localized changes occur in the oral cavity that are specific to SLIT [24].



Although further studies are needed on the persistence and concordance of SLIT, particularly in children [23], we consider it to be an effective treatment and preventive method for asthma [25,26].




2.3. ILIT


Intralymphatic immunotherapy (ILIT) for some allergens, such as cat dander and pollen, was found to be effective for AR [14,27,28,29,30]. ILIT induces tolerance to a specific allergen more rapidly than SCIT and SLIT after only three injections of allergen extracts and does not induce serious adverse effects. Antigens administered into the lymph nodes may be efficiently delivered to antigen-presenting cells, followed by the activation of T and B cells. Therefore, ILIT may be advantageous because only a few injections of a small amount of an allergen extract are needed to achieve clinical effectiveness.



We previously demonstrated the clinical effectiveness of ILIT against Japanese cedar pollinosis and investigated whether the clinical effectiveness of ILIT, in which pollen extracts were intralymphatically injected three times before the pollen season, persisted in two subsequent pollen seasons [31].



SCIT and SLIT are the only immunotherapies currently available for AR. Although there are many unanswered questions regarding the underlying mechanisms of action, antigen epitopes fragmented by antigen-presenting cells may be taken up by the affiliated lymph nodes, leading to an immune non-response. However, in comparison with the amount of antigen administered subcutaneously or sublingually, the amount of antigen taken up by the lymph nodes with ILIT appears to be markedly smaller (Table 1). The direct administration of an antigen into the lymph nodes may induce immune tolerance with a very small amount of the antigen and this has been the focus of research in a number of clinical studies.




2.4. Pharmacotherapy and Immunotherapy


The basic treatment of AR is considered to be antigen avoidance and drug therapy, with non-sedating antihistamines and intranasal corticosteroids being the mainstay of pharmacotherapy [32,33,34]. Inadequate responses to these drug treatments are often attributed to poor compliance. Immunotherapy may be considered when antigen avoidance, medication, and intranasal corticosteroids do not effectively control symptoms. Since the induction phase of AR cannot be altered by pharmacological treatment, medication must be repeated based on the symptoms being presented [24,32]. In contrast to pharmacotherapy, immunotherapy is regarded as a curative treatment that alters the induction phase. Immunotherapy, whether subcutaneous or sublingual, has the potential to cure the disease, in contrast to pharmacotherapy, and its efficacy has been reported in a number of RCTs [35,36], which may be maintained for 2–3 years after the completion of immunotherapy [24,37,38,39,40,41].



The criteria for selecting immunotherapy are inadequate responses to pharmacotherapy and the goal of a cure. In cases in which pharmacotherapy is inadequate, immunotherapy may be applied in addition to pharmacotherapy, which switches the main focus of treatment from pharmacotherapy to immunotherapy, with drug administration as a rescue.



The efficacy of immunotherapy differs between SAR and perennial AR, with SCIT being more effective for the former and less effective for the latter [4,42]. SLIT is also highly effective for SAR; however, evidence to support its efficacy for perennial AR, particularly in children, is currently limited [43].




2.5. Adverse Events of Immunotherapy


Antigen-specific immunotherapy involves altering the route of administration of an antigen that induces nasal allergic symptoms and administering it subcutaneously or sublingually such that allergic reactions are induced locally. These local allergic reactions are of little importance as side effects because subcutaneous administration merely causes redness and itching of the skin and sublingual administration results in itching of the mucous membrane of the oral floor under the tongue.



In SLIT, the reported frequency of adverse reactions widely varies. Some studies identified mild local itching as an adverse reaction, whereas others did not recognize minor local symptoms as an adverse reaction. Although there is currently no information on fatal adverse reactions associated with SLIT, it is safer than SCIT [43].




2.6. Frequency of Adverse Reactions


Among antigen-specific immunotherapies, the frequency of adverse reactions differs between SCIT and SLIT. The incidence of systemic adverse reactions to SCIT was previously reported to be 0.025% in terms of the number of inoculations [15], while that of serious anaphylactic reactions to SCIT for SAR was 5.4 per million injections (0.0005%), with an increased incidence (46%) during the period of high pollen counts [44,45]. Anaphylactic reactions due to SLIT have been reported in 11 cases, indicating that anaphylaxis occurred once in approximately 100 million injections, and no fatal cases have been reported to date [45]. In a study on systemic reactions in 66 trials with 4378 patients receiving approximately 1,181,000 doses of SLIT, systemic adverse reactions were detected for 169 out of 314,959 doses (0.056%), while severe systemic reactions occurred for 14 out of 1,181,000 doses (0.0014%) [46]. The most common systemic reaction was asthma, which required hospitalization in one case [46].



Senti et al. [14] reported that there were significantly fewer adverse reactions with ILIT than with SCIT, with 18 mild grade 1 or 2 adverse reactions and 2 cases of asthmatic reactions requiring treatment in a medical facility during the first 4 months. In contrast to SCIT, there were 18 mild adverse reactions and 2 asthmatic reactions requiring institutional care in the first 4 months, and ILIT only caused 6 mild adverse reactions and no systemic anaphylactic reactions requiring hospitalization. Due to differences in the number of antigens administered within the first four months, the two groups were not comparable; however, the lack of anaphylactic reactions attributable to antigen administration into the lymph nodes is noteworthy.



The causes of anaphylaxis may be associated with prior systemic reactions, concomitant immunodeficiency, poor compliance with treatment, re-administration after treatment interruption, severe or poorly controlled asthma, a high pollen count, the use of non-standardized extracts, and the lack of dose escalation periods.




2.7. Types of Adverse Reactions


Adverse reactions to antigen-specific immunotherapy may be broadly divided into excessive local reactions and systemic adverse reactions. In SLIT, oral symptoms, such as oral itching, swelling of the lips, and pharyngeal irritation, are common local reactions [47]. This corresponds to redness and swelling at the injection site in SCIT. Systemic adverse reactions to SLIT are less common but are mostly asthma attacks or gastrointestinal symptoms. Other severe systemic reactions include abdominal pain, vomiting, edema of the palate, and urticaria that persists for 48 h [46,47].




2.8. Effects and Adverse Reactions of Immunotherapy


A more detailed understanding of the balance between the efficacy of SCIT and SLIT is needed to control symptoms and the frequency and severity of side effects. A comparison of a large double-blind study on SCIT by Frew et al. and a double-blind study on SLIT by Dahl et al., both of which had similar methodologies and sample sizes, showed the similar efficacies of SCIT and SLIT for reducing nasal and ocular symptoms (26 to 36% reduction in symptoms) [17,37,38]. The adverse effects of SLIT included oral pruritus in 46% and lip swelling in 18% of patients, with 4% of 634 patients withdrawing from the study, while those of SCIT included grade 2 systemic adverse reactions in 17.2% and grade 3 systemic adverse reactions in 4.4%. Comparisons of the symptom suppressive effects of SCIT and SLIT in the literature provided inconclusive findings, with some studies suggesting that SCIT was more effective [48,49] and others showing equivalent scores of −0.92 (p < 0.0001) for SCIT and −0.40 (p = 0.0008) for SLIT in the form of sublingual tablets, concluding that SCIT is more effective. A large-scale direct comparison of the efficacy and incidence of side effects between SCIT and SLIT is warranted in the future.




2.9. Adherence


SCIT requires frequent visits during the dosage increase period, whereas 12 visits per year, namely once a month, are sufficient for maintenance therapy. Six visits per year are necessary for SLIT prescribed for two months. The number of antigen doses for SCIT is 12 per year, whereas SLIT requires daily dosing 365 days per year. SCIT also requires more frequent hospital visits and may lead to poorer adherence. However, patients may decide whether daily dosing in SLIT or 12 visits and subcutaneous administration in SCIT is more suitable.



Adherence to SLIT with fewer hospital visits may not always be the better option. In a study performed in the Netherlands [50], the adherence rates of SCIT and SLIT at 1 and 3 years were 80 and 23% and 38 and 7%, respectively, with significantly higher adherence rates being observed for SCIT. The social background and preferences of patients clearly play an important role in retention rates.




2.10. Efficacy and Safety of SCIT versus SLIT


Durham et al. [51] demonstrated that SCIT and SLIT both effectively reduced symptoms and the need for rescue medication in patients with AR, with these effects being stronger for SAR than for perennial AR and in adults than in children. SLIT tablets were also found to be effective in patients with perennial AR caused by HDM [7,52,53,54,55].



Three years of treatment with both SCIT and SLIT has been shown to provide long-term clinical benefits for at least two years after the discontinuation of treatment. The findings of indirect comparisons of the relative efficacy of SCIT and SLIT are controversial, with two studies favoring SCIT [49,50] and a third finding no difference [56].



In terms of tolerability and safety, SLIT was shown to be superior to SCIT, albeit in an indirect comparison [7,52,53,54,55]. SCIT may cause anaphylaxis and, thus, requires close observation, whereas SLIT is more tolerable than SCIT based on information in a large database of clinical trials and post-marketing surveillance. A large database of clinical trials and post-marketing surveillance showed that systemic side effects were rare, anaphylaxis was extremely rare, and SLIT may be safely self-administered [7,52,53,54,55]. Local side effects, such as itching and swelling of the mouth, are common but generally mild and resolve without treatment; therefore, withdrawal due to local side effects is rare.



In contrast to SLIT, for which the maintenance dose is fixed, the maintenance dose for SCIT may be set according to the individual thresholds of patients. An increase in the interval between the maintenance doses of the antigen from once a month to once a week just before the pollen season may increase symptom suppressive effects during the pollen season (unpublished data). The ability to tailor the intensity of treatment to individual patients may be an important feature of SCIT that differentiates it from SLIT.




2.11. Comparison of ILIT with SCIT


The efficacy and safety of three ILIT have been investigated in a double-blind, randomized study using a group of patients treated with SCIT for more than three years as controls [14]. Senti et al. [14] randomized 99 patients to receive SCIT for more than 3 years and with 54 subcutaneous injections (total antigen dose: 4,031,540 SQ-U) and 66 patients to receive a total of 3 doses of intralymphatic injections (3000 SQ-U) over an 8-week period. Efficacy and changes in antibody titers were assessed at the start of treatment and after 4 months, 1 year, and 3 years.




2.12. Movement of an Antigen Administered Subcutaneously or into the Lymph Nodes


When isotope-labeled IgG antibodies were subcutaneously administered into the right lymph nodes and to the left side of the abdomen and examined 24 h later, the antigen administered directly into the lymph nodes remained in the lymph nodes and also accumulated in the surrounding lymph nodes. In contrast, the antigen administered subcutaneously dispersed, with only a very small amount of uptake in the regional lymph nodes [28].



The mechanisms by which the administered antigen is utilized by T and B lymphocytes in the lymph nodes as a source of immunity have not yet been elucidated; however, the direct administration of the antigen into the lymph nodes has been shown to achieve long-lasting, highly concentrated antigen retention in the lymph nodes.



Regarding adverse reactions, there were no cases of swelling of antigen-treated lymph nodes [31]. In a few cases, redness and itching were observed at the injection site; however, this appeared to be a subcutaneous reaction to the small amount of antigen that leaked into the skin. Anaphylactic reactions are not expected to occur in the lymph nodes because they are essentially free of mast cells and poorly vascularized.





3. Mechanism of Action of Immunotherapy


Although SCIT and SLIT both specifically suppress allergic reactions to the antigen administered, their mechanisms of action remain unclear. The route of administration of the antigen differs; however, the antigen itself is essentially the same, and the mechanisms of action of SLIT and SCIT appear to be similar in terms of the induction of immune tolerance in the affiliated lymph nodes.



3.1. Induction of Regulatory T Cells


The induction of regulatory T cells and their production of inhibitory cytokines, such as IL-10 and TGF-b, which suppress allergic inflammation and increase the IgG4/IgE ratio, are considered to be the main mechanisms of action of immunotherapy [57]. There are several subsets of regulatory T cells, including Foxp3-positive T cells, Foxp3-negative Tr1 cells, and Th3 cells, and antigen-specific immunotherapy is considered to mainly induce Foxp3-positive T cells and Foxp3-negative Tr1 cells. In an autologous study on SCIT, IL-10-producing Foxp3-negative Tr1 cells were found to be significantly induced [58], while in a study on SLIT, Foxp3-positive T cells and Foxp3-negative Tr1 cell numbers both increased, and the VAS score for symptom improvement positively correlated with the number of Foxp3-positive T cells [59]. Furthermore, a positive correlation was noted between the VAS score for symptom improvement and the number of Foxp3-positive T cells [59].




3.2. Increase in IgG4 Antibodies


Although antigen-specific immunotherapy increases antigen-specific IgG4 antibodies, their involvement in the mechanism of action of this treatment remains unclear. Matsuda et al. [58] indicated that SCIT resulted in a significant increase in antigen-specific IgG4 antibodies 1 year after treatment, whereas SLIT did not. However, a significant increase was observed in antigen-specific IgG4 antibodies 3 years after SLIT, although it was not as large as that with SCIT [58].



IgG antibodies have been suggested to function as blocking antibodies that inhibit the binding of the antigen to IgE antibodies, but this has not been shown to correlate with symptom suppression. The effects of antigen-specific immunotherapy on B cells include the promotion of IgG4 antibody production and the induction of IL-10-producing regulatory B cells [58].



The co-binding of FceRI, a high affinity IgE receptor, with FcgRIIb, a low affinity IgG receptor, has been shown to inhibit degranulation reactions in mast cells and basophils [60,61,62,63,64]. The chimeric antibody, gamma-Fel d1, is a genetically engineered antibody that combines Fel d1, a major antigen responsible for cat allergy, with the Fc site of human IgG RIIb receptors and suppresses effector functions by inhibiting signal transduction [64,65].



The IgG4 antibody produced by antigen-specific immunotherapy may form an antigen–antibody complex with the antigen, which then binds to the IgE antibody on FceRI, while the IgG4 antibody in the complex binds to FcgRIIb, thereby suppressing the chemical mediator release signal from IgE-FceRI in mast cells and basophils.



However, it currently remains unclear whether the IgG4 antibody, which is increased by antigen-specific immunotherapy, suppresses effector function in a dose-dependent manner or through co-binding to FceRI and FcgRIIb by antigen–antibody complexes.



Antigen-specific immunotherapy has also been shown to induce IL-10-producing regulatory B cells [66]. We previously reported that SCIT for cedar pollinosis significantly induced CD19-positive IL-10-producing B cells [58].




3.3. Production of IL-10


IL-10 is efficiently produced by regulatory T cells and regulatory B cells induced by antigen-specific immunotherapy, and IL-10 is considered to suppress various allergic reactions and induce the production of the IgG4 antibody from B cells.



IL-10-producing regulatory cells are crucially involved in the clinical therapeutic mechanisms underlying immunotherapy. A previous study on SCIT using HDM extract in patients allergic to HDM showed that SCIT induced reductions in the proliferation of peripheral blood mononuclear cells (PBMC) and the production of IFN-γ, IL5, and IL13 by PBMC stimulated with Der p 1 (a major allergen of HDM) 70 days after treatment from the levels measured prior to treatment initiation [67].



IL-10 production levels after 3 years of SLIT were found to correlate with the amelioration of clinical symptoms assessed using forced expiratory flow between 25 and 75% (FEF25-75) [68].





4. Alternative Routes of Immunotherapy


The use of other antigen administration routes beside sublingual administration as an alternative to SCIT has been attempted, with the goal of increasing safety while maintaining efficacy. Two clinical trials showed that the inhalation route was effective but limited by bronchospasms [69,70]. Although the oral route was also examined, the findings obtained were not promising [14,71,72]. In contrast, several well-designed clinical trials demonstrated the effectiveness of nasal immunotherapy [73]. Although encouraging, intranasal administration is less acceptable to patients, mainly because of persistent local side effects, such as sneezing and a runny nose, which require topical nasal premedication, and its therapeutic modalities are limited. Intranasal immunotherapy has been limited to AR and its long-term efficacy and preventive effects currently remain unknown. The transdermal use of allergen-containing patches has generated considerable interest; however, data are still preliminary [12].
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Table 1. Comparison among SCIT, SLIT, ILIT.
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	SCIT
	SLIT
	ILIT





	Administration
	Subcutaneous
	Sublingual
	Injection to lymph node



	Pre treatment
	Sometimes

(medication)
	Sometimes

(medication)
	None



	Amount of antigen

administered
	moderate
	high
	small



	AE (systemic)
	rare but sometimes
	a few report
	None







Note: AE: Adverse event.
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