Mechanisms and predictive biomarkers of allergen immunotherapy in the clinic
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ABSTRACT

Allergen-specific immunotherapy (AIT) remains the only disease-modifying treatment for IgE-mediated allergic diseases such as allergic rhinitis (AR). It can provide long-term clinical benefits when given for three years or longer. Mechanisms of immune tolerance induction by AIT are underscored by the modulation of several compartments within the immune system. These include repair of disruption in epithelial barrier integrity, modulation of the innate immune compartment that includes regulatory dendritic cells (DCreg) and innate lymphoid cells (ILCreg), and adaptive immune compartments such as induction of regulatory T and B cells. Altogether, these are also associated with dampening allergen-specific Th2 (Th2A) and T follicular helper cell responses and subsequent generation of blocking antibodies. Whilst AIT is effective in modifying the immune response, there is a lack of validated and clinically relevant biomarkers that can be used to monitor desensitization, efficacy, and the likelihood of response, all of which can contribute to accelerating personalized medication and increasing patient care. Candidate biomarkers comprise humoral, cellular, metabolic and in vivo biomarkers; however, these are primarily studied in small trials and require further validation. In this review, we evaluate the current candidates of biomarkers of AIT and how we can implement changes in future studies to help us identify clinically relevant biomarkers of safety, compliance and efficacy.



ABBREVIATIONS  
AD		Atopic Dermatitis
AEC		Allergen exposure chambers	
AIT		Allergen Immunotherapy
ANR		Acoustic rhinometry
AR		Allergic Rhinitis 
Breg		Regulatory B cells
C1Q		Complement component 1
CRD		Component-resolved diagnosis
DAO		Diamine Oxidase
DC		Dendritic cells
EPR		Early phase response
HDM		House dust mite
IDT		Intradermal dilution testing 
Ig		Immunoglobulin
IL		Interleukin
ILC2		Group 2 innate lymphoid cells
LPP		Lolium perenne 
LPR		Late phase response
NAC		Nasal allergen challenge
PEK		Peak expiratory flow
PNIF		Peak nasal inspiratory flow
SCIT		Subcutaneous immunotherapy
SLIT		Sublingual immunotherapy
SPT		Skin prick test
STAB1		Stabilin-1
Tfh		T follicular helper cells
TGF-b		Transforming growth factor-b
Th2		T helper two cells
TNSS		Total nasal symptom score
TR1		Inducible type 1 regulatory T cells
Treg		Regulatory T cells
TSLP 		Thymic stromal lymphopoietin 



KEYWORDS 
Allergen immunotherapy, allergic rhinitis, biomarkers, personalized medicine, epithelial barrier, regulatory B cells, regulatory T cells, innate lymphoid cells, immune tolerance. 



INTRODUCTION
The prevalence of allergic diseases, such as allergic rhinitis (AR) with and without asthma, atopic dermatitis and food allergy, has risen rapidly in the past decades.(1-3) Physician-diagnosed prevalence of AR was previously reported at approximately 15-18%, whilst numbers are much higher for assessments based on patients with nasal symptoms at 43.9% in Europe and 54.5% in the USA.(4) This rise in allergy epidemics has resulted in the trigger of extensive research to enhance our understanding of the mechanisms of allergic immune response and enable new therapeutic strategies. 
AR is a chronic upper respiratory disease mediated by IgE upon exposure of the nasal mucosa to a sensitizing allergen.(5) It is characterized by clinical symptoms, including sneezing, rhinorrhea, nasal itching, congestion, and watery eyes.(5, 6)  Effective patient management involves provision of symptomatic treatment, such as anti-histamine or nasal corticosteroids, which are only effective in some patients.(7-9) The only disease-modifying treatment that confers long-term clinical and immunological tolerance is allergen immunotherapy (AIT).(10) AIT involves the subcutaneous (SCIT) or sublingual (SLIT) administration of repeated doses of the sensitizing allergen for three years to induce  long-term clinical benefit.(11-13)
Although AIT has proven efficacy, it is not without its limitations which include occasional severe side effects and low compliance due to the long treatment duration. Moreover, it is difficult to identify those patients who are likely to respond to treatment. This underscores the need for a reliable biomarker(s) for desensitization, efficacy, and tolerance.

MECHANISM OF ALLERGIC RHINITIS
Impaired integrity of epithelial cells and leaky barrier are hallmarks of an inflamed nasal mucosa in allergic rhinitis.(14) Epithelial cells provide a physical barrier to allergens, such as grass pollen, house dust mites, and pet dander.(15, 16) Epigenetic regulators, such as miRNAs, play a crucial role in maintaining or disrupting epithelial barriers.(17) In human nasal epithelial cells, poly(I:C) induced miRNA-146a is key in maintaining the tight junction barrier and protecting against invading pathogens through the innate immune system.(18) In contrast, miRNA miR-155 interferes with tight junction barrier integrity by modulating claudin levels in epithelial cells.(19) miR-125b can promote and regulate autophagy in epithelial cells and impair the epithelial barrier through the CXCR4/miR-125b/FoxP3 axis, contributing to the pathophysiology of allergic rhinitis (Figure 1).(20) 
Professional antigen-presenting cells, such as immature dendritic cells, residing beneath the inflamed epithelial cells in the nasal mucosa capture allergens and simultaneously respond to epithelial-derived alarmins such as IL-25, IL-33, thymic stromal lymphopoietin (TSLP) and CCL20. Alarmins are key in activating tissue-resident group 2 innate lymphoid cells (ILC2s), in the recruitment of dendritic cells (DCs) and its differentiation to pro-allergic type 2 DC subset (DC2).(6, 21, 22) DC2s promote the differentiation of naive T cells into Th2, Th2A or T follicular helper (Tfh) cells, which propagate allergic inflammation. Type 2 cytokines produced by Th2 and Tfh cells promote B cell differentiation into IgE-producing plasma cells which contribute towards driving Th2 inflammation by mechanisms of IgE-facilitated allergen presentation.(23) IgE-mediated allergen presentation via CD23 on B cells in allergic patients plays a crucial role in allergen presentation to T cells because it allows tiny amounts of allergen to be presented efficiently in the context MHC class II molecules. In addition, secreted IgE binds FcεRI on the surface of effector cells, resulting in the activation of mast cells and basophils, leading to clinical features of AR such as sneezing, nasal itching, rhinorrhea and nasal congestion.(24, 25) This process is followed by recruitment of eosinophils, basophils, monocytes  and T cells at the site of local inflammation (Figure 1). 


MECHANISM OF ALLERGEN IMMUNOTHERAPY 
AIT represents the only curative treatment for AR, and its success is hallmarked by the reinstatement of tolerance towards the sensitizing allergens. However, it is worth noting that long-term clinical benefit of AIT is only achieved when the treatment is given for more than 3 years or longer. The GRASS trial showed that when only given for 2 years, clinical tolerance is not maintained upon discontinuation of treatment.(26) In fact, in occasions, patients are required to receive the treatment 2 or 3 more times to address the recurrence of symptoms, particularly for aeroallergens.  Long-term clinical efficacy with AIT is associated with restoration of the airway epithelial integrity, modulation of innate immune cells and Th2 cells, induction of regulatory T and B cells and induction of allergen-neutralising antibodies contributing to the resetting of the immune response and tolerance (Figure 1). Though not fully elucidated, it is likely that the loss in clinical tolerance over time is due to the loss in modulation in some of these target cells or mediators. 
Restoration of epithelial cell integrity 
One of the critical mechanisms underlying tolerance induction in AIT is thought to be the restoration of airway epithelial integrity. A recent DBPC trial of SQ HDM-SLIT tablet demonstrated enhanced IFN-β and IFN-λ and decreased IL-33, indicative of improved innate airway epithelial responses.(27) In a HDM allergic mice model, AIT was reported to effectively restore epithelial integrity by suppressing IL-25-induced endoplasmic reticulum stress.(28) AIT induces immune tolerance by causing changes in the composition of innate immune cells, and this is reflected in a recent study whereby grass pollen SLIT induces IL-10+ ILC2 cells which can restore epithelial cell integrity and suppress type 2 responses.(29) Furthermore, a recent study evaluated the effects of grass pollen SCIT and SLIT (GRASS trial) on the reaction of nasal epithelium. Modular network analyses to evaluate biological pathways altered by grass pollen AIT revealed ten modules that were significantly different following two years of treatment. Seven of the modules contain molecules related to epithelial barrier functions and are significantly enriched for pathways associated with epithelial integrity (i.e. EGFR, KFT7, KRT2, JUP, etc) and lipid metabolism.(30) These findings were further supported by the VITAL study, a DBRCT, to evaluate the effect of HDM-SLIT on airway epithelial integrity in patients with allergic asthma. The study reported an improvement in bronchial epithelial antiviral resistance to viral infection following HDM-SLIT, which may be the underlying reason for the reduction of exacerbation in allergic asthma. (27) 
Modulation of innate lymphoid cells
Tolerance induction by AIT is mediated through several mechanisms involving the innate and adaptive immune compartment. AIT has been associated with suppressing mast cells and basophil responsiveness, which are key in inhibiting EPR and LPR following treatment.(22) Exposure to increasing doses of allergen treatment during grass pollen or HDM SCIT reduced circulating ILC2, IL-5+ ILC2 and IL-13+ ILC2.(31) Furthermore, upon stimulation of ILC2s with IL-2, IL-7, IL-33 and retinoic acid, induction of IL-10+ regulatory ILC2 was observed following grass pollen SCIT and SLIT.(29, 32, 33) Single-cell transcriptomic analysis highlights that modulation of the retinol metabolism pathways within the ILCs may be a key molecular mechanism underlying tolerance induction following AIT.(29) Furthermore, a durable increase in circulating CD25+ ILC1, potentially playing a role in trained Immunity during AIT was also seen.(34) Modulation of the ILCs is also paralleled by upregulation of regulatory DC (DCreg) markers, such as complement component 1 (C1Q) and stabilin-1 (STAB1) (35), and induction of DCreg that can produce tolerogenic IL-12, IL-27 and IL-10.(36) 
Regulation of T cell responses
The effect of AIT on T cell responses, namely Th2, Th2A, Th1 and Tfh cells, is among the most well-studied in the literature. One of the prominent changes observed following AIT within the T cell response is the dampening of proinflammatory Th2 cells as demonstrated by the suppression of IL4 mRNA expression and Th2 cytokine levels in the nasal mucosa following NAC in those who receive SLIT for grass pollen allergy and a short-course SCIT for ragweed allergy.(26, 37) The effect of AIT on Th2A has been reported to be more profound in multiple studies. Th2A cells are a subset of memory Th2 cells found in allergic individuals and its detection can be done via the use of tetramer analysis(38), activation-induced marker (AIM) assays or by phenotyping them using specific markers that include CD161, CRTh2 and CD27.(39) In the GRASS trial involving both SCIT and SLIT, both routes of administration were associated with clinical Improvement and reduction in frequencies of tetramer-positive Th2A cells following 2 years of treatment.(26, 40) This reduction in Th2A cells was also accompanied by lower nasal IL-4, IL-5 and IL-13 following NAC. Elimination of peanut-reactive Th2A cells was also observed in the IMPACT clinical trial involving Peanut Oral Immunotherapy (PnOIT). Interestingly, only allergic patients with a low level of peanut-reactive Th2A cells at baseline experienced long-lasting benefits of remission after PnOIT discontinuation.(41) A growing number of studies have revealed the involvement of Tfh cells in driving allergic inflammation.(42) Sharif et al. reported elevated circulating (c)Tfh cells in patients with grass pollen allergy compared to healthy controls and that both SCIT and SLIT can reduce the frequencies of circulating Tfh (cTfh) cells. ATAC-seq analysis further demonstrated that there are differential accessible chromatin regions in those who receive SCIT and SLIT indicating that the two modes of treatment elicit different epigenetic modulation on Tfh cells. 
Contrary to proinflammatory cells, AIT has been associated with immune deviation towards a Th1 cell response which can produce IFN-γ.(43) Previous studies of AIT have reported higher levels of nasal IFN-γ along with a reduction in IL-5:IFN-γ mRNA ratio upon exposure to naturally occurring allergens.(44, 45) This was further confirmed by a study involving birch SCIT whereby one year of treatment resulted in the attenuation of circulating Bet v 1-specific Th2:Th1 cell ratio.(46) The induction of a Th1 cell population is likely to be maintained following 1 year of treatment. Studies have also revealed that Th1 cells have increased expression of anti-apoptotic protein Bcl-2 following 1 year of SLIT treatment compared to baseline, suggesting a potentially persistent cell population.(47) 
Induction of regulatory compartment
AIT is effective in its ability to induce regulatory immune cells such as natural Treg cells (FoxP3+), inducible Treg cells (iTR1 that can produce IL-10 and TGF-β and iTR35 that can produce IL-35) and Breg cells. Treg cells are a key subpopulation of T cells that can suppress effector T cell responses and other cells like DCs and B cells. Previous studies have revealed that grass pollen SCIT treatment can result in higher frequencies of FoxP3+ cells in the nasal mucosa whilst SLIT can elicit molecular modification by reducing CpG methylation within FOXP3 regions, leading to upregulation of FOXP3 transcription.(48, 49) Moreover, 2-years grass pollen SCIT treatment has been associated with higher TGFB mRNA levels in nasal biopsies than a placebo whilst grass pollen SLIT treatment has been shown to restore levels of iTR35 in circulation, which correlates positively with clinical symptoms. (50, 51) 
Similar to Treg cells, Breg cells have been shown to exert an immune regulatory role and can induce their suppressive functions by activation through Toll-like receptor (TLR) signalling (i.e. TLR2, TLR4 and TLR9), co-stimulation through CD40/CD40 ligand, CD80/CD86 interaction or various other reported inducers. (52, 53) Induction of Breg cells can subsequently lead to the suppression of Th2 responses by IL-10, induction of Treg cells, modulation of Tfh cells and production of IgG4-blocking antibodies.(54, 55) Breg cells have been previously shown to be induced and maintained following both grass pollen(56, 57) and HDM(58) AIT. Induction of Breg cells was also observed following a 3-week short-course of Lolium perenne peptide (LPP) immunotherapy(59) and following in vitro culture of DPG-POL Phlp in PBMCs for use in AIT.(60) 
AIT treatment is accompanied by elevated frequencies of IgA- and IgG4-expressing Der p 1-specific B cells and plasmablasts. Allergen-specific B cells can be identified through double staining with two fluorescent tetramers of the same allergen-component, i.e. ‘double discrimination’.(38, 61) Two recent preprint articles report the presence of a type 2 memory B(mem) cell, characterized by surface expression of CD23 and IL4Rα and germline IGHE transcripts, making these poised to Ig class switch to IgE upon stimulation.(62, 63) Allergen-specific type 2 Bmem cells can be transcriptionally identified through single-cell transcriptomics and are expanded with an altered phenotype after AIT.(61)
Induction of allergen-neutralizing antibodies
The induction of allergen-specific blocking antibodies (IgG1, IgG2, IgG4 and IgA) have been reported in various studies following both administration routes of AIT. While SCIT predominantly induces IgG1 and IgG4 antibodies (21, 36-39), SLIT favors IgA induction (40-43). IgG2 antibodies are generated after SLIT but not yet assessed after SCIT.(64-66) Functional blocking antibodies are key in the tolerogenic features of the immune response whereby they can compete with IgE for allergen binding preventing IgE-facilitated antigen presentation to T cells to drive Th2 cell responses.(67) The maintenance of these inhibitory blocking antibodies following cessation of AIT is one of the key mechanisms of long-term immune tolerance.(68, 69)  


BIOMARKERS OF ALLERGEN IMMUNOTHERAPY 
To date, no validated clinical biomarker has been identified to predict the clinical response of AIT. Several candidate biomarkers have been proposed over the years which can be broadly categorized into in vitro (i.e. humoral, cellular and metabolic biomarkers), and in vivo (i.e. allergen provocation test and environmental challenge chamber) biomarkers. Apart from measuring antibodies as part of the humoral factor, all proposed candidate biomarkers have predominantly been investigated in small studies or trials, making it difficult to assess their validity as predictive biomarker. Identifying validated biomarker(s) would highly accelerate precision medicine in allergy treatment, identify responders from non-responders and predict relapse or the need for additional booster treatment. 
Humoral biomarkers 
Humoral biomarkers include total IgE (tIgE), specific IgE (sIgE), subclasses of IgG, IgA and IgE-blocking factors. Whilst sIgE is routinely used in day-to-day clinical practice to diagnose allergic patients, they are not validated monitoring tools of AIT outcome, especially that transient increase of sIgE upon AIT administration, followed by a decrease over time, do not correlate with clinical symptoms. Additionally, a high sIgE/tIgE ratio at baseline has been shown to correlate to clinical response to AIT, though their validity has yet to be evaluated in other studies.(70-72) 
One of the main hallmarks of a successful AIT is the induction of blocking IgG antibodies, particularly IgG1 and IgG4, which increase by approximately 10-100 fold over baseline. The induction of IgG4 has been reported in both serum and nasal fluid, though its correlation with clinical response to treatment is questionable.(73-76) More recently, sIgA1 and sIgA2 have been reported to be induced following a successful AIT. In the GRASS trial, it was reported that SCIT predominantly results in the induction of IgG4 whilst SLIT preferentially induced IgA1 and IgA2. Finally, a significant increase in serum allergen-specific IgG2 has been reported after three courses of SLIT for grass pollen allergy.(66) In HDM SLIT trials, allergen-specific IgG2 was found to increase as early as four months(64), and after one year of treatment was significantly increased in high-responders only.(65) As both IgG2 and IgG4 have reduced capacities to drive immune activations (compared to IgG1 and IgG3), these likely regulate allergic responses through allergen neutralization. 
The ability of IgG2 and IgG4 to compete and block IgE-mediated effector cell activation and antigen presentation has made them a runner amongst the candidate biomarkers. Their inhibitory capacity can be measured using a flow cytometry-based technique known as IgE-facilitated allergen binding (IgE-FAB) assay. IgE-FAB assay is a surrogate assay of facilitated allergen presentation and has been used in multiple studies to assess the functionality of these blocking factors.(77) Recently, IgE-FAB was used to demonstrate that local IgG4 found in the nasal fluid is more functional and has greater inhibitory capacity compared to systemic IgG4 found in the serum following grass pollen SCIT.(78) Whilst promising, their validity needs to be assessed in bigger clinical trials. 
Basophil activation and histamine release
Blocking antibodies generated through AIT can compete with IgE for the allergen and prevent crosslinking of the high affinity IgE receptors on the surface of basophils, which can be assessed using a flow cytometry-based technique known as basophil activation test (BAT). Basophil activation can be assessed using surface activation markers such as CD63 and CD203c, whilst its degranulation can be assessed using a validated assay using fluorochrome-conjugated diamine oxidase (DAO)—this enzyme can bind to intracellular histamine.(79, 80) Both grass pollen SCIT and SLIT have been shown to reduce basophil activation and histamine release. 
Cellular biomarkers 
Various cellular biomarkers have been proposed in recent years, though these have been primarily performed in small clinical trials or experimental studies, requiring further validation in larger cohorts. Cells of the innate compartment (DCs and ILCs) and the adaptive compartment (T and B cells) have been reported to be modulated following AIT, predominantly using flow cytometry analysis. Whilst it has been demonstrated that these markers correlate against clinical symptoms and AIT efficacy with a positive correlation observed for pro-inflammatory DCs, ILC2s and T cells and negative correlation observed for Treg, IL-10+ ILC2s and Breg cells, their ability to stratify responders from non-responders or its use as a predictive biomarker for AIT response has not been shown. Moreover, one of the most significant limitations of these cellular biomarkers remains the complexity of the assay, beyond the scope of routine clinical laboratories. 
Within the innate immune response, successful SLIT has been associated with an increase in circulating DCreg of responders. Assessment of five molecular markers (DC2 markers: CD141, GATA3 and RIPK4; and DCreg markers: C1Q and FcγRII) at 2- and 4-months post-SLIT treatment allowed the stratification of responders from non-responders, highlighting them as potential predictive biomarkers, though evaluation in clinical trials is warranted.(81)  Similarly, dampening of ILC2 and induction of regulatory ILC2s have been implicated as biomarkers of AIT efficacy. A study by Lao-Araya et al. reported that seasonal increases in peripheral ILC2 were suppressed following grass pollen SCIT. Furthermore,  Pru p 3 SLIT treatment was shown to inhibit ILC2 frequency in patients with lipid transfer protein allergy(82) whilst birch or grass SCIT can induce ILC1.(34) More recent studies have also reported the induction of IL-10-producing ILC2s following grass pollen SCIT, grass pollen SLIT(29) and HDM SCIT(32), all of which correlate with clinical symptoms. These IL-10-producing ILC2s preferentially express KLRG1 surface markers and can functionally suppress proinflammatory Th2 responses. 
Within the adaptive immune response, AIT has been shown to increase natural and inducible Treg cells.(21, 51, 83) This induction was shown in a study involving SLIT treatment in patients with Japanese cedar pollinosis though only the induction of the natural counterparts correlated with improvement in nasal symptoms.(84) Grass pollen SLIT has also been shown to correct the dysregulation of IL-35+ Treg cells in grass pollen-allergic individuals.(21) Most recently, in vitro, stimulation of PBMCs with depigmented and polymerized Phleum pratense extract (DPG-POL Phlp) for use in AIT has been shown to induce functional SATB1-CD52+ Treg cells.(60) A recent study by Sharif et al., has shown that grass pollen SCIT and SLIT are both capable of recuperating dyregulation of cTfh cells in grass pollen allergic individuals whilst being able to induce T follicular regulatory (Tfr) cells and IL-10+ Tfh cells.(42) 
Another tolerogenic cell that is induced following AIT is Breg cells. Several studies have shown that AIT can cause IL-10-producing Breg cells with the capacity to produce blocking antibodies IgG4.(85) Induction of IL-10+CD19+CD5hiCD24hiCD38hi Breg cells was also demonstrated in a 3-week short-course of LPP immunotherapy (56) and following in vitro culture of DPG-POL Phlp in PBMCs for use in AIT.(60) In addition, the phenotype of allergen-specific Bmem is altered after AIT, with a notable upregulation of surface CD29 expression.(61) CD29 is a β-integrin and was recently shown to inhibit B-cell receptor signaling, suggesting that its upregulation may modulate allergen-specific B-cell responses.(86)

Metabolic biomarkers 
Metabolomics is a technique that allows the detection, identification and quantification of small molecules that are involved in metabolism.(87) In recent years, candidate metabolites that could potentially be used as a predictive biomarker for AIT have gained a lot of attention. A prospective study of serum metabolomics following 3 years of HDM SLIT demonstrated six metabolites (lactic acid, ornithine, creatinine, arachidonic acid, sphingosine and linolenic acid) that are found exclusively in those who responded to treatment.(88) These metabolites are involved in glycolysis and fatty acid metabolism. Furthermore, L-Tyrosine in the serum, nitric oxide (NO) and NO synthase metabolism can be valuable biomarkers of AIT response following SCIT, with their level being reduced in those who responded well to the treatment.(89) Other metabolites shown to hold potential include 12(S)-hydroxyeicosatetraenoic acid (HETE) and 15(S)-HETE, which were reported to be reduced following SCIT.(90) 
In vivo biomarkers
Identifying reliable in vivo biomarkers to assess its efficacy of AIT in clinical practice remains to be a huge challenge. Skin prick test (SPT), which involves a prick in a patient’s forearm through a droplet of the suspected triggering allergen, remains to be the primary method for allergy diagnosis. In an early study by Des Roches et al., patients with asthma who responded to AIT and discontinued AIT were followed for 3 years to study the recurrence of asthma or rhinitis symptoms. Forty-five percent did not relapse. Duration of efficacy of AIT was significantly related to the duration of AIT. Most patients who did not relapse had a decrease in titrated SPT at the end of AIT (vs. baseline), while most patients who relapsed did not show any change in Titrated SPT. In this study, the authors concluded that the duration of efficacy of AIT following cessation is dependent on the duration of AIT and may be predicted by the effect of AIT on skin tests (91). Further to this, in a DBPC AIT trial with mixed grass-pollen allergoid, Busquet et al. investigated whether there is a correlation between symptom medication scores and objective parameters. The study reported that there was in fact a significant correlation between titrated nasal challenges and symptom scores during the grass pollen season. The titrated SPT end point was significantly reduced following AIT and there was a significant correlation between the SPT end point and symptom scores during the ensuing grass pollen season. Moreover, it should also be noted that the high levels of significance in the study was achieved despite only having 25 subjects randomized to grass AIT or placebo suggesting that these in fact were powerful predictors of the efficacy of AIT. (92) To evaluate its utility as a predictive tool of the efficacy of AIT, Moreno et al.  and Sun et al, evaluated the response of AR patients (adults and children, respectively) to SCIT with DPT, and concluded that there was a statistically significant decline in the size of SPT wheals upon increasing dose administration of the allergen in a 17-week follow up period and after 3 years of therapy, respectively.(93, 94) Moreover, in a comparative analysis between the efficacy of SPT and intradermal dilution testing (IDT) in patients affected by asthma, AR and otitis media with effusion treated with AIT, the authors demonstrated a superiority of IDT as a diagnostic tool, but that IDT did not perform better than SPT as an in vivo biomarker.(95) Lastly, a study by Hajdu et al. evaluated the effectiveness of AIT in patients with concomitant Atopic Dermatitis and AR via SPT and skin patch tests.(96) Biopsies collected after 6 months of AIT from SPT showed clinically negative SPT results parallel to absence of symptoms, rendering thus a useful predictive marker.

CONCLUSION
The ability for physicians to assess and evaluate the clinical response of patients undergoing AIT is of paramount importance to improve patient care. Several candidates have been proposed as biomarkers of AIT. However, validation and qualification of these biomarkers remain challenging due to the lack of well-defined studies with biomarker-driven outcome measures and a consensus in agreement on evaluation of efficacy in clinical practice. 

FIGURE LEGEND
Figure 1. Mechanisms of allergen immunotherapy and proposed candidate biomarkers. In an allergic individual, natural exposure of a disrupted epithelial barrier to low-dose allergen results in the promotion of Th2, Th2A and Tfh cells, which propagate IgE production and allergic inflammation. Allergen immunotherapy (AIT; through SCIT or SLIT) can restore the epithelial barrier. Moreover, AIT is proficient in inducing DCreg which can produce IL-12 and IL-27 and ILCreg which can produce IL-10. AIT is also associated with induction of Treg cell subsets which can suppress Th2, Th2 and Tfh cell responses, resulting in immune deviation towards Th1 cells. Breg cells generation are promoted by IL-10 nd IL-35 and can result in the production of blocking antibodies such as IgG1, IgG4, IgA1 and IgA2, which can compete with IgE to bind to the allergen, subsequently suppressing mast cell and basophil activation and degranulation. Proposed candidate biomarkers of AIT can be broadly categorized into four sub-classification: humoral, cellular, metabolic and in vivo. sDC, dendritic cells; DCreg, regulatory dendritic cells; HDM, house dust mite; Ig, immunoglobulin; IL, interleukin; ILC2, group 2 innate lymphoid cells; ILCreg, regulatory innate lymphoid cells; miR, microRNA; PGD2, prostaglandin D2; STAB1, stabilin-1; Tfh, T follicular helper cells; Tfr, T follicular regulatory cells; TGF, tumour growth factor; Th0, naïve T cells; Th2, type 2 helper cells; Th2A, allergen-specific Th2 cells; Treg, regulatory T cells; TSLP, thymic stromal lymphophoietin.
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