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Abstract 36 

Oral immunotherapy (OIT) has reproducibly demonstrated successful desensitization in 37 

food-allergic subjects completing clinical trials and, in some studies, sustained 38 

unresponsiveness. These clinical outcomes have been associated with characteristic 39 

modifications in the allergen-specific immune response, but a detailed synthesis of 40 

OIT’s mechanisms of action is lacking. In this Rostrum, we review the current evidence 41 

regarding the human immune response to OIT, explore possible mechanisms, and 42 

identify knowledge gaps for future research.   43 
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Introduction 44 

The mechanisms of action of oral immunotherapy (OIT) remain poorly 45 

understood, with the literature comprised of primarily descriptive peripheral blood 46 

studies in human patients. While the stromal and immune cells in the mucosa of the 47 

gastrointestinal (GI) tract, its associated secondary lymphoid structures, the GI 48 

microbiome, et cetera are likely to critically influence human food allergy, the role of 49 

these structures in the mechanisms of OIT remains obscure given the inability to 50 

routinely sample these structures in humans. While much can be learned from animal 51 

model systems, the knowledge gained is inherently limited by experimental conditions 52 

that do not resemble human food allergy. Despite these obstacles, the application of 53 

new technologies is enhancing our current understanding of the abundance and 54 

diversity of OIT’s impact on immune cell subsets. Our aim in this Rostrum is to review 55 

what is known about clinically relevant OIT mechanisms, and we have chosen to focus 56 

primarily on human studies, supplementing them with data from animals where 57 

appropriate. We have organized our approach sequentially, in an attempt to outline the 58 

temporal changes from baseline during the OIT treatment protocol.  59 

The primary clinical objective of most OIT programs for food allergy is to induce a 60 

desensitized state in the individual, defined here as a temporary increase in the 61 

threshold reactivity to the allergen such that clinical protection from accidental ingestion 62 

may be achieved. This occurs through continuously stimulating the immune system with 63 

sub-threshold daily doses of allergen and then gradually escalating the dose level over 64 

time to reach a target maintenance dose. The oral route of administration may take 65 

advantage of the unique set of immune cells and pathways involved in the induction of 66 
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oral tolerance. Protocols vary in their approaches to the initial dose escalation phase, 67 

but they consistently begin OIT with low doses (e.g. ≤5 mg of allergenic protein) and 68 

generally increase the doses by 25-100% at a periodic interval until the target 69 

maintenance dose is reached or a dose-limiting toxicity (DLT) occurs. Holding, reducing, 70 

or terminating dosing is occasionally required during this period of treatment due to 71 

allergic symptoms caused by the daily dose, as participants transition from allergen 72 

avoidance pre-OIT to steadily progressive exposures. It is this period of transition that 73 

we will refer to in this paper as the “initiation phase,” to describe the mechanistic 74 

changes occurring during initial exposures. Clinical studies repeatedly have shown that 75 

the majority of OIT subjects in clinical trials will have adverse events related to dosing, 76 

usually mild to moderate in severity, and that they are more common during initiation, 77 

lessening in frequency over time (1-3). In approximately 15-20% of subjects, more 78 

severe symptoms and/or DLT can occur, and while clinical co-factors have been 79 

identified for systemic reactions, the biological basis (i.e., the “endotype”) that explains 80 

this phenotype has not been elucidated. The repeated engagement of allergen-specific 81 

IgE on mast cells and basophils, which in many participants can lead to the elicitation of 82 

some symptoms, may also contribute to OIT’s mode of action, which later engages 83 

regulatory pathways that aim to control allergic inflammation through effector cell 84 

suppression and antibody production (e.g. the “modified TH2 response”), but the 85 

optimal relationship of excitation and inhibition is not well understood.  86 

As OIT participants progress through the dose escalation, the initial initiation 87 

phase of the desensitization process gives way to a consolidation phase. In this phase, 88 

the clinical benefit of the regimen is preserved through maintenance dosing (i.e., no 89 
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further escalation), and effector cells remain stably suppressed. Lymphocytes and their 90 

products (cytokines and antibodies) are modulated further, culminating in some 91 

participants in a result known as “sustained unresponsiveness (SU)” a persistent state 92 

of elevated allergen threshold in the absence of daily dosing. The mechanistic changes 93 

associated with SU will be discussed in this section, followed by some selected key 94 

knowledge gaps that serve as future research needs in this field.  95 

 96 

Initiation Phase  97 

Mast Cells and Basophils 98 

At baseline, the mast cells and basophils of OIT participants express the high-99 

affinity IgE receptor FcεRI on their cell surface, are primed with allergen-specific IgE, 100 

and are the major effector cells of IgE-mediated allergic reactions to foods, owing to 101 

their granule contents. These primed effector cells are rapidly activated by a signaling 102 

cascade through FcεRI signaling when untreated food-allergic individuals accidentally 103 

and occasionally encounter allergen in supra-threshold amounts (Figure 1). However, 104 

the steady sub-threshold dosing used in OIT trials for peanut, egg, and milk allergies 105 

have consistently demonstrated significantly decreased skin prick test (SPT) wheal size 106 

and basophil activation (as measured by upregulation of CD63 and/or CD203c) in 107 

response to the antigen used for OIT, (4-11) and this effect likely accounts for the initial 108 

desensitization seen clinically. Suppression of these effector cell responses occurs 109 

within the first few months of OIT and therefore may be linked to escalating antigen 110 

dose. It is important to note that this desensitization occurs in the absence of a 111 

decrease in sIgE, and often during the period of time that sIgE is actually increasing 112 
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from baseline (5, 11). This finding, across several studies, implies that desensitization of 113 

mast cells and basophils does not rely on decreased sIgE as its underlying mechanism.  114 

However, decreased IgE via omalizumab treatment prior to initiating OIT allows for 115 

much higher doses of antigen to be safely given in the initial escalation phase (12, 13).  116 

The effects of anti-IgE therapy on reducing circulating IgE and down-regulating the 117 

FcεRI levels on basophils may explain this finding.  Therefore, while low sIgE levels are 118 

not requisite for desensitization, removal of IgE by omalizumab allows for a rapid 119 

escalation in antigen dose.   120 

More detailed mechanistic studies of effector cells have tended to focus on 121 

basophils, which are easier targets given their circulation in peripheral blood, compared 122 

to tissue-resident, long-lived mast cells. It should be noted that there are key differences 123 

between basophils and mast cells and their functional equivalence should not be 124 

assumed. Interestingly, OIT appears to inhibit the entire IgE-signaling pathway in 125 

basophil activation assays as polyclonal anti-IgE and egg allergen responses on 126 

basophils are decreased with peanut OIT, pointing to a peanut-nonspecific mechanism 127 

(14).  Given the technical difficulty in studying cellular mechanisms and inaccessibility of 128 

mucosal tissues in humans undergoing OIT, findings from orally-induced desensitization 129 

mouse models may provide important further mechanistic insights; however, there is a 130 

relative scarcity of literature from OIT models.  Mouse models of rapid desensitization, 131 

along with supporting cellular studies, indicate that short-term desensitization is induced 132 

by inhibiting calcium flux and remodeling of actin through repeated stimulation of sIgE 133 

on mast cells (15), while another report demonstrates that endocytosis of surface-bound 134 

IgE is critical for mast cell desensitization (16) (Figure 1). A model of oral 135 
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desensitization in egg-allergic mice demonstrated that allergic mice can be rendered 136 

non-reactive to oral egg challenge (17).  However, these mice reacted when given an 137 

intraperitoneal injection of egg antigen, indicating that effector cells could still respond 138 

vigorously to antigen in the bloodstream.  This study hints at the role of local effects, 139 

presumably on mast cells in the GI tract, that prevent allergic reactions on oral 140 

challenge, and emphasize the temporal changes that occur during OIT. Within weeks of 141 

starting dosing, we hypothesize that the effector cell suppression is likely to be 142 

predominantly mediated by the intrinsic responses of those effector cells to repeated 143 

low-level allergen exposure, consistent with in vitro studies of desensitization (15, 16). 144 

Early antibody responses, which are just beginning to change at this time, may also 145 

contribute. Peripheral allergen-specific antibodies and B cells also emerge within weeks 146 

of beginning OIT (18), likely interacting with T cells, and these concerted regulatory 147 

actions ultimately lead to further changes in antibody repertoire that interact with and 148 

can suppress basophil responses through multiple pathways (19, 20) late in the 149 

initiation phase and into consolidation, to be discussed in greater detail below.  150 

 151 

T cells  152 

In allergic individuals, T cell activation drives the main effector phases of allergy, 153 

including eosinophil activation and B cell production of allergen-specific IgE. This takes 154 

place primarily through a TH2-biased response pathway initiated by epithelial-derived 155 

soluble mediators, such as thymic stromal lymphopoietin (TSLP), IL-25 and IL-33 (21). 156 

Conversely, regulatory T cells (Tregs) and/or CD4+ T cells able to produce the anti-157 

inflammatory interleukin-10 (IL-10) are generally considered to be significant 158 
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contributors to the induction and maintenance of peripheral tolerance to allergen; 159 

regulatory B cells may also contribute IL-10 (22, 23). With antigen-specific TH2 cells at 160 

the core of the allergic process in atopic individuals, changes in the magnitude and 161 

polarization of allergen-specific CD4+ T cells are likely to be a key component to the 162 

effectiveness of OIT, driven by the duration and dose of antigen exposure.  163 

Consistent with increased production of related specific-IgE commonly observed 164 

during the initiation phase of OIT (5, 7, 10, 11, 24), the first low-dose exposures to 165 

allergen may not only reinforce the pathogenic TH2 cell effector responses but may also 166 

create an inhibitory milieu that hampers establishment of Tregs (Figure 3 – Wambre). 167 

Data from various models inform these concepts. For instance, IL-4 production has 168 

been shown to cause TH2 functional activities to become resistant to Treg-mediated 169 

suppression and to antagonize the post-thymic development of Foxp3(+) Treg cells (25-170 

27). Subsequent increasing doses of allergen exposure during escalation are 171 

associated with a decrease in TH2 cell activity and in clonal expansion (28) and with 172 

increased frequency of IL-10 producing CD4+ T cells (29). This in turn leads to the 173 

production of allergen-specific IgG4 antibody that could attenuate IgE-mediated allergic 174 

symptoms (30) and may create a milieu that suppresses de novo generation of 175 

pathogenic TH2 cells. However, at this stage, a high frequency of allergen-specific 176 

CD4+ T cells is still present (Figure 3 – Wambre). Therefore, this could explain why the 177 

clinical benefit of OIT may be lost or significantly decreased when dosing is interrupted 178 

or discontinued at this point. One possible mechanism to explain and integrate all these 179 

results into a cohesive schema is that chronic stimulation of allergen-specific TH2 cells, 180 

during the initial initiation phase of OIT, may culminate in a counter-regulatory immune 181 
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response which consists of pathogenic TH2 cells driven to an anergic, regulatory-like 182 

phenotype transiently preventing allergic symptoms through the production of 183 

suppressive factor(s) like IL-10. However, solid evidence for induction of allergen-184 

specific Tregs in humans mediating T-cell tolerance through IL-10 or other means 185 

during current OIT protocols remains elusive. Though the suppression of TH2 cytokine 186 

production has been observed in OIT subjects, multiple groups have examined 187 

Foxp3(+) Tregs, with inconsistent results. During this phase, if treatment is not 188 

continued long enough, the initial pathogenic properties of allergen-specific TH2 cells 189 

may gradually recover, consistent with transient clinical benefits. This idea is supported 190 

by work demonstrating that during chronic inflammation, IL-10-producing TH2 cells 191 

(which fulfill the criteria of inducible Tregs), can arise directly from non-suppressive TH2 192 

cells once a specific threshold of activation is achieved (31). In support of the presence 193 

of anergic T cells, a recent study showed that allergen-specific CD4+ T cells expand 194 

during OIT and shift towards an anergic TH2 cell phenotype (28). 195 

 196 

Antigen specific B cells and their antibodies: Bridging the Initiation and Consolidation 197 

Phases 198 

High affinity specific antibody is a hallmark of an adaptive immune response, and 199 

is a characteristic of IgE-mediated hypersensitivity. IgE-mediated food allergy is driven 200 

by allergen-specific IgE antibodies; and the association between food challenge 201 

outcomes, and circulating levels of allergen-specific IgE, as well as specific-to-total IgE 202 

ratios is well known (32). Qualitative aspects of allergen-specific IgE, such as clonality, 203 

epitope specificities, and post-translational modifications, may play a decisive role in the 204 
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allergic immune response. Linear epitope analysis of allergen-specific IgE in allergic 205 

patient sera has revealed not only variability in the number of bound epitopes, but also a 206 

positive association with reaction severity during food challenge outcomes (33, 34).  Our 207 

understanding of how the level of allergen-specific IgE, the ratio of specific-to-total IgE, 208 

the clonality and the affinity of specific IgE, can impact effector cell degranulation (35), 209 

has been further expanded by data from in vitro model systems using basophils 210 

sensitized with recombinant allergen-specific IgE antibodies. 211 

 The study of antigen-specific B cells has provided new insights into how the 212 

clonal contribution of these cells may be important in the humoral response to peanut 213 

OIT.  An early, transient population of rare circulating antigen-specific memory and 214 

plasmablast B cells can be identified early in the initiation phase of peanut OIT, by using 215 

an Ara h 2 fluorescent multimer (18). New techniques to isolate and clone recombinant 216 

allergen-specific antibodies induced during peanut OIT have proven highly informative. 217 

The majority of the allergen specific antibodies from OIT subjects bind to conformational 218 

epitopes (36); this observation is also supported by phage display analysis of sera (37). 219 

Interestingly, even though antibody repertoires are considered to be highly individual, 220 

selection of homologous Ara h 2 specific antibody clones in the repertoires of multiple 221 

patients has been observed during OIT. It remains to be proven whether these 222 

homologous clones recognize the same epitope, as would be expected, or have unique 223 

functional significance such as in suppressing IgE-dependent reactivity (18).  224 

The rise in the frequency of memory B cells and plasmablasts during the initiation 225 

phase of peanut OIT coincides with the increase in Ara h 2-specific IgG4 antibodies, as 226 

well as total Ara h 2-specific IgG and IgA, suggesting that these cells may have a clonal 227 
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contribution to the functionally suppressive antibodies post-peanut OIT (Figure 2). This 228 

suggestion is further supported by the induction of new Ara h 2-specific IgG4 229 

recognizing linear epitopes post-peanut OIT (38) as well as the observation of increased 230 

somatic hypermutation in a clonal lineage of IgG4 (36). These changes, in the context of 231 

effector cell suppression by allergen-specific IgG4 (19), suggest that the reactivation of 232 

memory response and development of new allergen-specific antibodies may contribute 233 

to post-OIT sustained unresponsiveness. However, the relevance of the newly 234 

emergent clones, and even their isotype, to clinical outcomes in peanut OIT remains the 235 

subject of investigation. 236 

Consolidation Phase 237 

Changes in antibody and effector cell responses during the consolidation phase 238 

of OIT are likely associated with significant and stable changes at the T cell level. This 239 

might be due in part to selective exhaustion/deletion of allergen-specific TH2 cells 240 

induced by persistent higher dose allergen exposure, allowing concurrent regulatory 241 

immune responses to emerge slowly during the consolidation/maintenance phase of 242 

OIT (Figure 3 – Wambre). Allergen-specific TH2 cells have recently been shown to 243 

represent a phenotypically distinct TH2 subpopulation confined to atopic individuals, 244 

and they display greater adverse activity relative to conventional TH2 cells (39). This 245 

pro-allergic TH2 subset, denoted as the TH2A cell subset, is characterized by stable co-246 

expression of CRTH2, CD161 and IL-33R and low expression of CD45RB, CD27 and 247 

Bcl-2, consistent with cells that are highly sensitive to activation-induced cell death (40). 248 

Furthermore, ex vivo analysis of the peanut specific TH2A responses in the peripheral 249 

blood of patients during the course of OIT demonstrated that elimination of allergen-250 
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reactive TH2 cells from the periphery was associated with clinical benefit. This is 251 

consistent with the notion that skewing allergen-specific effector T cells away from the 252 

pro-allergic TH2 response could facilitate other protective changes and may be a 253 

causative mechanism for the clinical benefits during OIT.  254 

Regarding antibodies, it is now well established that allergen-specific IgG, and 255 

particularly IgG4, levels are increased within a few months after starting OIT, often 256 

increased greater than 10-fold from baseline, and these remain elevated even after 257 

many years of OIT (4-6, 9, 11).  The induction of peanut-specific IgG during OIT has 258 

been linked to suppression of allergic effector cells by two mechanisms, suggesting a 259 

gradual temporal convergence in suppressive mechanisms involving the humoral and 260 

effector cell responses (Figure 1).  The first postulated mechanism is that allergen-261 

specific IgG may block allergen-IgE interactions, thus sequestering the allergen (41). 262 

Functional blocking antibodies correlate with clinical outcomes in subcutaneous 263 

immunotherapy (41). Not only do peanut-specific IgG4 antibodies rise during the course 264 

of peanut OIT, but IgG4 from post-peanut OIT sera can suppress peanut-stimulated 265 

basophil and mast cell activation (19). The second hypothesis highlights the Fc portion 266 

of IgG. Human basophil suppression by post-OIT IgG has been shown to be mediated 267 

by interactions through the inhibitory receptor FcγRIIb, as shown in murine models of 268 

food allergy (20, 42).  Blocking FcɣRIIb with a monoclonal antibody prevented inhibition 269 

of basophil degranulation, indicating that specific IgG binds this inhibitory receptor and 270 

prevents antigen-driven activation by inhibitory signaling. The interactions of antibodies 271 

with inhibitory Fc receptors may be influenced by antibody Fc subtypes (e.g., sIgG1, 272 

sIgG2, and sIgG3 are all increased during peanut OIT (20)), as well as by post-273 
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translational modifications, such as glycosylation.  The increase in allergen-specific 274 

IgG4 may be related to IL-10 production from T regulatory cells or B regulatory cells, as 275 

has been shown in other forms of immunotherapy (30, 43). 276 

More recently, serum Ara h 2-specific IgG and IgA have also been shown to 277 

increase in peanut OIT (18). These antibodies may play a blocking role (44) or may 278 

have a deeper role in disease pathogenesis and treatment. Alternatively, the rise of 279 

specific IgA during OIT may point to a mucosal origin of allergen-specific B cells which 280 

may ultimately shape the allergen-specific B cell repertoire (45). For example, 281 

significant increases in IgA and IgA2 were found in egg OIT, and these may contribute 282 

to effector cell suppression (46).   283 

 284 

Sustained Unresponsiveness 285 

Sustained unresponsiveness (SU) is a relatively new and loosely defined term 286 

referring to the durability of the clinical effect following cessation of the dosing protocol. 287 

The term SU was coined to differentiate this post-immunotherapy outcome from true 288 

immunological tolerance, which is regarded as the default state in healthy individuals, 289 

and can be naturally re-established when food allergies spontaneously resolve (e.g., 290 

“outgrowing” egg or milk allergy). Nonetheless, while SU probably differs from true 291 

tolerance, it is a significant clinical achievement, allowing more flexible consumption of 292 

the previously allergenic food in its natural forms. There are two main explanations for 293 

SU: simple desensitization occurring after extended maintenance treatment, such that 294 

the elimination kinetics of the effect are prolonged, or an intermediate phase change 295 

that is neither simple desensitization nor full tolerance.  296 
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Our understanding of SU in OIT, and its association with the humoral response, 297 

has been recently significantly strengthened through the development of novel tools and 298 

methodologies. There may be a pre-existing bias, within the adaptive response of those 299 

who do not develop SU, for the propagation of allergen-specific IgE. For example, SU 300 

has been associated with lower quantities of pre-treatment peanut- and milk-specific IgE 301 

(9, 10, 47), while the importance of diversity and clonality in persistent and severe food 302 

allergy (33, 34) suggests that qualitative differences may also exist. Whether this is due 303 

to IgE-switched memory B cells or another compartment such as IgG-switched memory 304 

B cells, TH2, or T follicular helper cells, is still unknown. The induction of antibodies 305 

directed against new linear epitopes and an oligoclonal allergen-specific memory B cells 306 

with somatically hypermutated antibodies suggests that OIT modulates the B cell 307 

repertoire (Figure 2).  While we can speculate that these post-OIT allergen-specific 308 

antibodies in SU may effectively suppress allergen effector cells by antigen 309 

sequestration (19) or by engagement of inhibitory Fc receptors (20), SU may be more 310 

related to the longevity of the induced B cell memory response or to novel 311 

immunomodulatory functions of allergen-specific antibodies. 312 

As previously discussed, this effector cell suppression occurs rapidly with the 313 

continuous administration of antigen, but SPTs rarely become negative and some 314 

activation is seen in basophil assays even after many months or years of therapy. This 315 

implies that once OIT is stopped the cells may become increasingly responsive to 316 

antigen. Indeed, clinical desensitization resulting from OIT can be short-lived, with a 317 

large percentage of subjects regaining allergic reactivity within 2 weeks after stopping 318 

OIT (4, 7, 9, 24), and in some cases as soon as 1 week after stopping OIT (6).  In these 319 
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cases, it appears that the suppressive effects on mast cells and basophils are transient 320 

and these effector cells will become reactive once antigen administration is stopped. 321 

Studies have demonstrated a return in SPT and basophil responses in subjects who 322 

failed an oral food challenge (OFC) several weeks after stopping OIT. However, the 323 

opposite was seen in subjects achieving SU, where SPT and basophil activation 324 

remained suppressed (9, 48).  Importantly, a study of egg OIT demonstrated that longer 325 

treatment regimens led to a higher proportion of subjects developing sustained 326 

unresponsiveness (49), possibly due to further reduction in sIgE, or to increasing sIgG4 327 

or sIgA, or more permanent changes in mast cell signaling pathways. 328 

Prolonged continuous antigenic stimulation during maintenance treatment may 329 

also have other direct consequences on CD4+ T cells, enhancing epigenetic 330 

mechanisms that have been associated with SU (8). The “disease induction model” 331 

(50), proposes that the presence of a pathogenic CD4+ T cell subset with distinct 332 

phenotypic and functional properties might be sufficient for the pathogenesis of an 333 

immune-mediated disease regardless of the balance of other T helper subsets. 334 

Similarly, it is possible that current OIT protocols may target allergen-specific TH2A 335 

cells in a stepwise way, including T-cell exhaustion followed by T-cell deletion, to 336 

restore a hypo-responsive state to allergen. This is consistent with previous studies 337 

suggesting that allergen-specific T cells may represent a suitable therapeutic target 338 

during OIT.   339 

 340 

Conclusions / Future Directions 341 
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There has been significant progress in understanding how OIT suppresses mast 342 

cell and basophil reactivity, while newer methodologic approaches are beginning to 343 

uncover the roles of T and B cells in OIT-induced immunomodulation. However, several 344 

key knowledge gaps remain.  We need to understand specifically how the effector cells 345 

are desensitized at the molecular level, as this could lead to targeted therapies for food 346 

allergies. We need to know whether the basophil activation assay can be used as a 347 

biomarker to reliably determine a state of allergy before treatment, and then to monitor 348 

desensitization and/or SU as outcomes of treatment. It was recently demonstrated that 349 

basophil activation assays can predict allergy vs sensitization and can eliminate the 350 

need for OFCs in some individuals (51). In addition, it is of paramount importance to 351 

have a better understanding of the cellular changes that associate with different clinical 352 

outcomes during or after OIT; e.g., it is not known why some subjects achieve partial or 353 

full desensitization whereas others achieve SU. For example, is there a change in the 354 

signaling pathways through the FcεRI that re-emerges on cessation, or does sIgE 355 

and/or FcεRI-density increase, leading some subjects to become reactive again? SU 356 

likely requires concerted coordination of the adaptive response to delete pathogenic 357 

TH2A cells and induce protective and functionally suppressive allergen-specific clonal 358 

memory B cell responses to suppress effector cell responses for long-lasting clinical 359 

efficacy of OIT, but the relative importance of these mechanisms and their kinetics need 360 

further study. It will require the endophenotyping of larger numbers of subjects to do 361 

this. Ultimately, this work should lead to the development of a reliable biomarker assay, 362 

or group of assays, for diagnosis and/or treatment response monitoring, which will 363 

facilitate widespread OIT implementation. 364 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

For many years, mechanistic studies investigating the effect of OIT on B cells 365 

and CD4+ T cells have been hampered by the absence of adequately sensitive 366 

approaches that directly assess immunological changes within these rare allergen-367 

specific cell populations. Hence the need for a comprehensive understanding of the 368 

targeted CD4+ T-cell population, which is critical to designing more effective 369 

immunotherapy. However, new technologies like polychromatic flow cytometry, mass 370 

cytometry, and transcriptional profiling have been applied to the study of food allergy 371 

patients and are now making it possible to characterize these and other cells with 372 

unprecedented resolution (52-54). As with other routes of allergen-specific 373 

immunotherapy, OIT may alter the T cell responses via multiple parallel or overlapping 374 

mechanisms, including exhaustion/deletion of pro-allergic T cell responses (immune 375 

disease induction model), the switch in T cell effector immune responses (immune 376 

deviation model), or the induction of concurrent immune-regulating T cells (immune 377 

regulation model). More research is needed to develop a more unified understanding of 378 

which of these T cell mechanisms – or others yet undiscovered – are operative in the 379 

short- and long-term outcomes during OIT. Data from such studies should inform 380 

rational strategies to enhance OIT by combining it with immune modulating strategies 381 

(e.g. monoclonal antibodies) that can either induce a counter-regulatory immune 382 

response or block de novo generation of pro-allergic TH2 cells, leading to improved 383 

safety and durable clinical benefit. On the B cell side, emerging data suggest that we 384 

may be approaching a new era of antibody-directed enhancement for OIT, through 385 

modulating the antibodies produced during therapy to induce long-lasting clinical 386 

tolerance. The next generation of antibody-directed vaccine efforts may involve careful 387 
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shaping of the antibody repertoire, either using antigen-specific B cell modulation (55) or 388 

sequential vaccination strategies, such as used in HIV vaccine trials to drive the 389 

generation of protective antibodies (56).  390 

Finally, local immune mechanisms in the gut associated with OIT remain to be 391 

further investigated, most particularly with respect to the factors involved in antigen 392 

uptake and response at the site of administration, such as epithelial cells, innate 393 

lymphoid cells, and local microbial factors. Emerging evidence suggests that dendritic 394 

cells may play a role in OIT outcomes (8, 57), and this is a key area requiring more 395 

investigation. We look forward to future studies that will fill in these and other knowledge 396 

gaps and lead us to a better a unified understanding of the complex interplay of 397 

molecular, cellular, and humoral changes that occurs during and after OIT.   398 
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FIGURE LEGENDS 403 

Figure 1: Modulation of mast cells and basophils during OIT.  At baseline, allergic 404 

individuals’ mast cells and basophils are decorated with allergen-specific IgE bound to 405 

cell surface FcεRI receptors.  Upon antigen exposure (e.g. entry food challenge or 406 

accidental exposure), IgE molecules are cross-linked leading to degranulation and 407 

subsequent manifestation of allergic symptoms.  During the initiation phase of OIT, 408 

repeated exposures to low dose antigen leads to direct effects on mast cells and 409 

basophils, including IgE endocytosis and actin rearrangement, rendering these effector 410 

cells hyporesponsive to allergen.  As OIT continues and higher doses of antigen are 411 

administered, the production of allergen-specific IgG in the consolidation phase plays an 412 

important role and can lead to further, potentially long-lived inhibitory mechanisms, seen 413 

clinically as sustained unresponsiveness.  In particular, circulating allergen-specific IgG 414 

can neutralize allergen such that IgE are not crosslinked on effector cells, whereas IgG 415 

bound to cell surface FcɣRIIb can induce inhibitory signaling with IgE and IgG 416 

crosslinking, thus preventing degranulation.   417 

Figure 2.  Humoral mechanisms of OIT.  The diverse pool of allergen-specific IgE 418 

antibodies are a marker of food allergies in affected individuals at baseline.  On 419 

antigenic re-exposure in the form of OIT, allergen-specific memory B cells are 420 

reactivated to undergo somatic hypermutation and affinity maturation.  During the 421 

induction phase, these memory cell responses contribute to plasma cells that will 422 

promote the rise in functional allergen-specific IgG and IgA responses. On the other 423 

hand, pathogenic Th2 cells, on re-activation by these low allergen exposures, may in 424 

part drive allergen-specific IgG memory B cells to IgE producing cells, hence transiently 425 
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increasing allergen-specific IgE.   During the consolidation phase, TfH and regulatory B 426 

cell compartments may drive memory B cell responses.  In turn, the continued rise in 427 

titers of diversified, affinity matured allergen-specific IgG and IgA result in persistent 428 

suppression of allergic effector cells and lasting efficacy of OIT. 429 

Figure 3. Sequential immune mechanisms of OIT. At baseline, pro-allergic TH2 430 

(TH2A) cells are at the core of the allergic process in food-allergic individuals. During 431 

the early initiation phase of OIT, the first low-dose exposures to food allergen reinforce 432 

the pathogenic effector responses, increasing pro-inflammatory cells and B cells 433 

pathogenic activities, while creating an inhibitory milieu that hampers early 434 

establishment of Treg cells. Subsequent chronic stimulation of allergen-specific TH2 435 

cells with increasing doses of OIT rapidly culminate in a counter-regulatory immune 436 

response to prevent excessive effector responses. These in turn drive a desensitization 437 

state via decrease in TH2A cell activity, IL-10 production and change in the IgE/IgG4 438 

ratio. At this point, the clinical benefit of OIT may be significantly decreased when 439 

dosing is interrupted or discontinued. Consolidation phase of OIT arises once a specific 440 

threshold of activation is achieved and triggers selective T cells exhaustion/deletion 441 

skewing effector responses away from the pro-allergic TH2 response. Prolonged 442 

continuous antigenic stimulation during maintenance OIT may also have other direct 443 

consequences associated with sustained unresponsiveness, enhancing epigenetic 444 

modifications at the Foxp3 locus during Treg differentiation mechanisms.  445 
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