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Introduction

The prevalence of allergy, whether to venom, aeroallergens or food, continues to increase

and results in considerable morbidity for the patient and increasing healthcare costs. While

many drugs are available that help ameliorate symptoms, the only intervention that has

proven to provide long-term benefit and modulation of disease is immunotherapy. The

mainstay of immunotherapy treatment has been subcutaneous immunotherapy (SCIT) that

after 3–5 years of high-dose treatment efficacy can be achieved. Newer methods that target

the mucosal immune system include sublingual immunotherapy (SLIT) and oral

immunotherapy (OIT). With the recent approval of SLIT tablets by the FDA and other new

approaches being pursued, it is important to understand the mechanistic action of each of

these forms of immunotherapy. Immunotherapy involves a reduction in mast cell and

eosinophil numbers, a decrease in basophil activation and a rise in IgG4, and a shift in the

cytokine milieu. However, the primary cells that are ultimately responsible for successful

immunomodulation are CD4 T cells, specifically peripherally derived T regulatory cells.

This review will cover our current knowledge of various immunotherapy methods and how

the T cell response is altered to provide lasting benefit.

Methods

Primary literature on this topic was selected based on a PubMed search through October

2013 for articles in English using the keywords “subcutaneous immunotherapy (SCIT),”

“sublingual immunotherapy (SLIT),” “oral immunotherapy (OIT)” and “mechanism” or “T

cell.” Studies on adults and children with IgE-mediated allergic rhinitis or food allergy were

included, with specific emphasis on those describing the T cell response. Pre-clinical trials

using mouse models were also included where published clinical trials are not yet available.
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Overview of the Regulatory T Lymphocyte Families

Numerous families of T cells have been identified, however it is the regulatory family that

has been implicated in the successful response to immunotherapy and therefore will be the

main focus of this review. These include the thymic-derived and peripherally derived

regulatory T cells 1, 2. Thymus-derived Treg (tTreg; also referred to in the literature as

natural (nTreg)) cells are characterized by their constitutive expression of IL-2 receptor α
chain (CD25) and the transcription factor Foxp3. Although they can secrete IL-10,

membrane TGF-β appears to be primarily responsible for mediating their contact-dependent

immune suppression. tTreg cells are produced in the thymus in response to expression of

self-antigens and are therefore important in the prevention of autoimmunity. They are

unlikely to be involved in tolerance to antigens not presented in the thymus (for example, in

tolerance to allergens in healthy subjects or in the immune benefits associated with allergen

immunotherapy).

In contrast to the tTreg cells, an additional, less well characterized class of inducible

regulatory T cells has been described which can develop in the periphery (pTreg; also

referred to as inducible (iTreg)) 2, 3. These pTreg cells are differentiated from preexisting T

effector lymphocytes or from circulating naïve Th0 cells and are characterized by their

prominent production of IL-10. pTreg expression of Foxp3 and CD25 is controversial, but

does appear to occur. For example, it is unclear whether CD25 expression reflects the

constitutive expression of this component of the IL-2 receptor, the signature characteristic of

tTreg cells or, the derivation of pTreg from activated effector T cells that are transiently

expressing CD25. The difficulty in using CD25 as a surface marker or Foxp3 as an

intracellulalr marker of pTreg is that high levels of CD25 (IL-2 receptor α) and Foxp3 are

transiently expressed by CD4+ and CD8+ effector T cells following T cell receptor (TCR)

activation and also in response to IL-2 in a positive feedback loop 4. A sub-group of

peripherally derived regulatory cells that are primarily gut-derived and generate mucosal

tolerance have been referred to as the Th3 cells. Reflecting their prominent production of

TGF-β, in addition to mediating tolerance they are relevant to inducing secretory IgA

production. It is the induction of IL-10-producing pTreg cells that plays a key role in

reducing allergen-specific T cell responsiveness after immunotherapy 5,6.

Immunology of subcutaneous immunotherapy (SCIT)

Subcutaneous immunotherapy (SCIT) has been performed for over 100 years, yet only in the

past few years have we begun to understand the mechanism of efficacy. A prominent role

for IL-10–producing activated CD4+ cells was first described in studies involving bee

venom SCIT5. The use of either whole bee venom extract or short peptides to phospholipase

A2, the major bee venom allergen, resulted in induction of peripheral tolerance. Examination

of the T cell response demonstrated that both Th2 (IL-4, IL-5 and IL-13) and Th1 (IFN-γ)

cytokine production was decreased while IL-10 levels were increased. These IL-10

producing T cells were able to suppress allergen-specific T cell proliferation and activation

and are now recognized as pTregs 7. While the appearance of the IL-10 producing pTregs is

rapid, within 7 days of starting bee venom SCIT, full tolerance if it is going to occur requires

3–5 years of treatment.
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Subsequent investigations with house dust mite and birch pollen SCIT extended the

importance of IL-10 (and TGF-β) production by CD4+CD25+ T cells (pTregs) to inhalant

allergy and confirmed that this occurred in parallel to the suppression of Th2 and Th1

proliferative responses and cytokine production 8. In this study, IL-10 responses in non-

atopic individuals who had been exposed to allergen were similar to those in the SCIT-

treated group, implying the restoration of tolerant T-cell responses in the atopic individual

and that the normal immune response is geared toward non-responsiveness or suppression

rather than a shift towards a Th1 response. Other studies have also shown IL-10 production

by CD4+ cells, but without changes in grass pollen–induced proliferation or Th2 cytokine

production 6. Reasons for the differences in the studies could include dose of allergen used

and differences related to the allergen itself and the ability to induce an immune response.

However, what is consistent is that each of these studies has found cells capable of making

high levels of IL-10 (±TGF-β) consistent with the pTreg cell type. A direct role for IL-10 in

inducing IgG4 antibody has been demonstrated and, as such, the appearance of allergen-

specific IgG4 in association with immunotherapy is consistent with it being a marker for

pTreg induction 9,10. The protective effect of pTreg cells is evident from studies

demonstrating that following 4 yrs of high dose SCIT, subjects remain non-responsive for at

least 3 years after SCIT has been stopped, similar to those who had continued SCIT for the

full 7 year period 11.

In order to examine the T cell responses to SCIT in finer detail, MHC class II tetramers and

epitope-guided mapping are being utilized. Once the HLA type to be studied is known, a

synthetic MHC molecule of that HLA type is designed and labeled with biotin. The biotin

labeling allows crosslinking to streptavidin to which four of these synthetic MHC class II

molecules will bind. The MHC class II tetramers are then added to pools of peptides derived

from the allergen of interest and using flow cytometry, peptides that bind to the tetramers

are identified. This is repeated through several rounds of selection until a single peptide is

isolated that recognizes that MHC class II molecule 12. CD4+ T cells that bind to the

peptide-MHC class II tetramer can subsequently be identified as allergen-specific T cells.

The limitation of this approach is that only one epitope of the allergen is being examined so

the results obtained are likely an underestimation of the actual response.

Using these methods, the frequency of Fel d 1-specific T cells in allergic individuals was

shown to range from 1 in 7,000 to 1 in 30,000 13. Similar frequencies have been found

examining other allergen-specific T cells. Surprisingly, allergen-specific T cells have also

been identified in non-allergic subjects, however the numbers are lower and the avidity of

the T cell receptor is decreased 14. When alder specific T cells were examined, the

phenotype of T cells from allergic individuals was characterized by high expression of the

cell surface markers CRTh2 (the prostaglanding D2 receptor which is a marker for Th2

cells) and CCR4 with low CXCR3 (chemokine receptors). In contrast the T cells from non-

atopic individuals had high CXCR3, moderate CCR4 and low CRTh2 expression 15. When

the allergen-specific memory T cell population was phenotyped, two populations could be

separated based on the expression of CD27, a member of the tumor necrosis factor (TNF)

receptor superfamily which is expressed by naïve and central memory T cells, with loss of

expression on effector memory and terminally differentiated, exhausted T cells. The CD27−

population had characteristics of classical Th2 cells in that they had high levels of CRTh2

Steinke and Lawrence Page 3

Ann Allergy Asthma Immunol. Author manuscript; available in PMC 2015 March 01.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



and CCR4 on the cell surface and high intracellular levels of IL-4, IL-5 and IL-13. The

CD27+ population had high CXCR3, CCR7 and CD7 on the cell surface with high IFN-γ
levels in the intracellular milieu, characteristics of Th1 cells 15. It was the ratio of CD27− to

CD27+ cells that distinguished allergic individuals from non-atopic. These techniques were

employed to examine what happens to these T cell populations after IT. Successful SCIT

was associated with loss of the CD27− population due to apoptosis which allowed the IL-10

secreting pTregs to develop. Previous studies have shown that STAT6 signaling in Th2 cells

renders them resistant to Treg suppression 16, so the selective loss of the CD27− population

(Th2-like) allows restoration of Treg function.

Mechanisms of slit and efficacy

Sublingual immunotherapy (SLIT) is administered by holding escalating doses of antigen

drops or tablets under the tongue for a period of time. This allows for uptake of the antigen

by oral antigen presenting cells (APCs) such as Langerhans cells 17. This local presentation

of antigen is thought to result in local mucosal induction of IL-10 and TGF-β producing Th3

cells18.

In one of the first mechanistic studies of SLIT in humans, PBMCs from patients treated with

house dust mite (HDM) SLIT for 3 years were shown to produce significantly more IL-10

following PHA stimulation when compared to patients with untreated rhinitis 19. This

provided indirect evidence for the immunoregulatory role of IL-10 in SLIT. Several years

later, a small mechanistic study examining 9 patients undergoing birch SLIT suggested an

early and late phase response to therapy 20. By 4 weeks of therapy, there was an increase in

circulating pTregs accompanied by an increase in IL-10 and Foxp3 mRNA expression levels

and non-specific suppression of antigen-driven lymphocyte proliferation. After 52 weeks of

therapy, the suppression of proliferation was specific to Bet v 1 (birch pollen) and the levels

of circulating pTregs as well as IL-10 returned to baseline. However, there was a persistent

reduction of IL-4 mRNA and an increase in IFN-γ mRNA. This suggests that early in

therapy, IL-10 producing pTregs act non-specifically to suppress lymphocyte proliferation in

response to antigen, but over time this non-specific response is replaced by an antigen-

specific tolerance on the backdrop of a Th1 skewed cytokine milieu 21. This may have

important implications in determining the optimal duration of therapy.

Consistent with the transient induction of IL-10+ pTregs seen in the previous study, a

randomized double-blind placebo controlled trial of 12 to 24 months of house dust mite

(HDM) SLIT also demonstrated a transient increase in the proportion of circulating Tregs,

which were confirmed to have the ability to suppress HDM-specific effector T cell

proliferation and cytokine production. The study also demonstrated significantly decreased

HDM-induced CD4+ T cell proliferation after 6, 12, and 24 months. There was a decrease in

IL-5 levels accompanied by an increase in IL-10 and IFN-γ, but no change in IL-4 and no

measurement of IL-9 or IL-13 cytokine levels 22.

Several other studies have also confirmed the increase in pTregs following SLIT. In a study

of patients treated with grass pollen SLIT for 12–18 months, the number of Foxp3+ cells in

the sublingual epithelium was significantly increased in the treatment group compared to the
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placebo group and non-atopic controls 23. However, the number of IL-10 and TGF-β mRNA

positive cells did not change following SLIT, raising the possibility that these Foxp3+ cells

were recently activated effector cells rather than true regulatory T cells. Perhaps addressing

these technical concerns, another later study of grass pollen SLIT demonstrated increased

production of IL-10 and TGF-β by oral Langerhans cells and an increased number of IL-10

and TGF-β–producing Treg cells following therapy 18.

Using the tetramer approach described earlier and a more robust double blind placebo

controlled experimental model, Bonvalet et al were unable to detect a significant decrease in

grass allergen (Phl1 p 1 and Phl p 5)-specific CD4+ T cells during or after 4 months of

SLIT, nor a change in surface phenotype markers. This was despite a significant 41.8%

improvement in symptom score after grass pollen challenge in an allergen exposure

challenge 24. This raises the possibility that while clinical improvement may be seen as soon

as 1 month, parallel immunologic changes involving the shift from a Th2 to a Th1 signature

and upregulation of Treg cells require longer treatment courses (up to 12 months).

Although it has been used only on in a limited number of published trials on food allergy,

the same increase in pTregs and cytokine shift away from Th2 has been shown in food

SLIT. A study of patients receiving 12 months of peanut SLIT found significantly lower

levels of serum IL-5 following SLIT than those in the placebo group. No significant

difference between the groups was found in IL-10 or IFN-γ levels after treatment. There

was a trend towards an increased percentage of Tregs compared with placebo 25.

Mechanisms of OIT and efficacy

Oral immunotherapy (OIT) differs from SLIT in that the antigen is immediately swallowed

and delivered to the gut associated lymphoid tissues (GALT). Oral tolerance, or the

development of tolerance within the GALT, has been recognized to occur in response to

repetitive oral ingestion of antigens since the early 1900s. Oral tolerance is thought to be

mediated in large part by pTregs, in particular the Th3 subset which produce primarily TGF-

β (+/− IL-10) and promote the production of secretory IgA. This is supported by work

demonstrated that tTregs are not required for the induction of oral tolerance 26, while

deletion of pTregs in the DEREG mouse model resulted in loss of oral tolerance 27.

Most published trials of OIT to date have focused on clinical endpoints such as ability to

pass blinded food challenge, skin prick wheal size, or serum level of allergen specific IgE or

IgG4. Direct analysis of the cellular immune changes that occur with OIT in humans has

been relatively limited to date, and focused primarily on basophil activation, peripheral

blood mononuclear cell (PBMC) cytokine production, and changes in the frequency of

pTregs 28.

In two studies, peanut OIT was associated with a reduction in Th2 cytokine (IL-4, IL-5

and/or IL-13) production from stimulated PBMCs 29, 30. Other studies have shown increases

in IL-5 production however, and cytokine profile does not correlate with clinical outcome in

most trials, suggesting there is considerable heterogeneity in the response30, 31
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Milk-allergic patients able to tolerate extensively heated milk have higher percentages of

milk-specific pTregs than milk-allergic patients unable to tolerate heated milk or patients

with outgrown-milk allergy 32 suggesting that the development of oral tolerance may

involve expansion of the pTreg compartment just as it does in SLIT. Consistent with this

finding, peanut allergic patients who had undergone peanut OIT had an increased frequency

of pTregs compared to controls 29, 31. A study of 20 egg-allergic patients treated with egg

OIT demonstrated an increase in TGF-β positive dendritic cells following OIT, which were

able to induce the conversion of T effector cells to pTregs 33. The combination of decreased

numbers of food allergen specific T effector cells and increased allergen specific pTregs is a

possible mechanism for the development of tolerance in these patients.

Several recent studies have suggested intriguing possibilities for the future. The use of

tetramers to identify peanut-reactive T cells has revealed a significantly higher frequency of

Ara h 1-specific T cells in patients with peanut allergy (9 cells per million) compared to

healthy controls (1 cell per million) 34. An obvious application of this technique would be to

monitor the frequency of these allergen-specific T cells during the course of OIT.

Two published pre-clinical trials have used oral peanut plus a toll-like receptor (TLR)-9

ligand agonist in peanut-sensitized mice and demonstrated increased Th1 and decreased Th2

cytokine production accompanied by reduced IgE levels and anaphylaxis 35, 36. This Th1

skewing and clinical benefit was even more pronounced than in those mice receiving oral

peanut alone, suggesting that the use of adjuvants such as TLR agonists may be a powerful

tool in increasing the efficacy of OIT.

Comparison between it regimens

There is evidence supporting the use of both SCIT and SLIT for the treatment of rhinitis and

asthma, but very few published trials have made a direct head to head comparison of the two

routes of IT. A recent meta-analysis performed by Dretzke et al was able to identify only

one such well-controlled trial; this trial did not provide conclusive results in favor of either

SCIT or SLIT based on symptom score or medication use 37. This meta-analysis as well as

another using indirect comparison of trials that used either SCIT or SLIT both demonstrated

a trend toward greater efficacy in the SCIT group 37, 38. Caution must be made in

interpreting this result however, as the majority of the included studies are heterogeneous in

both dose and duration of therapy, rather than direct head-to-head trials which would

provide more conclusive evidence favoring one route over another.

As both OIT and SLIT have also demonstrated clinical efficacy in the treatment of food

allergy, and have similar profiles in terms of adverse events and ease of administration, one

question that arises is which route of delivery is most clinically efficacious, and if this is

supported by superior immunologic outcome data. A recently published head-to-head

analysis attempted to address this by comparing two previously published double blind

placebo controlled trials of 12 months of peanut OIT to SLIT 39. Along with being 3 times

more likely to pass a food challenge after treatment, patients in the OIT group had more

significant decreases in peanut-specific IgE/IgG4 ratio and basophil activation. Interestingly
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however there was no significant different in the percentage of Treg cells between the OIT

and SLIT groups, nor between those who passed and failed the food challenge.

Future for Clinicans

Many routes of IT are being pursued, however SCIT has the historical record of leading to

immune changes that alter the immune response upon subsequent allergen exposure. These

changes are mediated by induction of pTregs and only appear to occur following high dose

therapy for 3–5 years. Newer methods of SLIT and OIT are currently being investigated, but

their efficacy compared to the more traditional method of SCIT is still not known 38, 40.

Their mechanism of action is believed to be similar to SCIT, via the induction of pTregs,

though this is still an active area of investigation. Obvious questions include the nature of

the regulatory response in SLIT and OIT compared to SCIT and the optimal dose and

duration of treatment required to achieve lasting immunomodulation. Once these issues are

truly understood, allergists will have additional tools at their disposal to alter the morbidity

associated with the increasing incidence of allergic disease.
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Figure 1.
T regulatory cell populations and their involvement in immunotherapy (IT). Naïve cells can develop into T regulatory cells via

two pathways. Those that develop in the thymus (tTreg) require and express Foxp3 during development and when mature. The

tTregs can secrete inhibitory cytokines but require cell-cell contact for inhibition. As they are generated to inhibit responses to

self antigens, they are likely to have little role in IT. Peripheral T regulatory cells (pTreg) develop outside of the thymus and can

express Foxp3, though expression is not absolute, and use secreted cytokines to mediate suppression (main inhibitory cytokine

in bold). The two main sub-populations of pTregs are shown and their role in IT indicated.

Steinke and Lawrence Page 10

Ann Allergy Asthma Immunol. Author manuscript; available in PMC 2015 March 01.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript


