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Abstract

Background—The main obstacle to elucidating the role of CD4+ T cells in allergen-specific

immunotherapy has been the absence of an adequately sensitive approach to directly characterize

rare allergen-specific T cells without introducing substantial phenotypic modifications by in vitro

amplification.

Objective—To monitor in physiological conditions, the allergen-specific CD4+ T cells generated

during natural pollen exposure and during allergy vaccine.

Methods—Alder pollen allergy was used as a model for studying seasonal allergies. Allergen-

specific CD4+ T cells were tracked and characterized in twelve alder pollen-allergic, six non-

allergic and nine allergy vaccine-treated individuals using peptide-MHC class II tetramers.

Results—Allergen-specific CD4+ T cells were detected in all of the alder pollen-allergic and

non-allergic subjects tested. Pathogenic responses (CRTH2 expression and TH2-cytokine

production) are specifically associated with terminally differentiated (CD27−) allergen-specific

CD4+ T cells, which dominate in allergic individuals but are absent in non-allergic individuals. In

contrast, CD27 expressing allergen-specific CD4+ T cells are present at low frequencies in both

allergic and non-allergic individuals and reflect classical features of the protective immune

response with high expression of IL-10 and IFN-γ. Restoration of a protective response during

allergen-specific immunotherapy appears to be due to the preferential deletion of pathogenic

(CD27−) allergen-specific CD4+ T cells accompanied by IL-10 induction in surviving CD27+

allergen-specific CD4+ T cells.

Conclusions—Differentiation stage divides allergen-specific CD4+ T cells into two distinct

subpopulations with unique functional properties and different fates during allergen-specific

immunotherapy.
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INTRODUCTION

It is now firmly established that allergen-specific CD4+ memory T lymphocytes play a

central role in both the induction and control of allergic inflammation1–4. One century after

its first introduction, allergen-specific immunotherapy (SIT), also called allergy vaccine

therapy, remains the only curative treatment for type I allergy. Despite the proven efficacy

of both sublingual and subcutaneous routes of allergen-SIT5;6, little is known about T cell

involvement in the generation of a protective immune response during allergen-SIT. The

main obstacle to elucidating the role of CD4+ T cells in allergen-SIT has been the absence of

an adequately sensitive approach to directly characterize rare allergen-specific CD4+ T cells

without introducing substantial phenotypic modifications by in vitro amplification.

However, recent progress in peptide-MHC class II (pMHCII) tetramer staining has allowed

reliable direct ex vivo visualization of antigen-specific CD4+ T cells7;8, enabling

quantification and characterization of these cells in a setting closer to their natural

physiological state.

In this study, we used alder pollen allergy as a model for studying seasonal allergies. Alder

is a cross reactive pollen and sufferers may also experience problems with birch, hazelnut

and oak pollen9. We used an ex vivo pMHCII-tetramer approach to assess the allergen-

specific CD4+ T cell response in allergic and non-allergic individuals. We also utilized

longitudinal analysis to elucidate underlying T cell mechanisms that accompany either

allergic inflammation or tolerance induction to the major alder pollen allergen Aln g 1 in

subjects treated with allergen-SIT. This is a highly relevant approach for investigating

regulation of the response to environmental allergens in healthy individuals and the

development of hypersensitivity in allergic individuals. By establishing a clear link between

the differentiation stages of allergen-specific CD4+ memory T cells and both their functional

capacity and susceptibility to apoptosis, our data suggest a novel mechanism for allergy

vaccine therapy in which the duration and dose of antigen exposure may be the driving force

behind immune modulation of the allergen-specific CD4+ T cell response.

METHODS

Subjects

Subjects were recruited at the allergy clinic at Virginia Mason Medical Center (Seattle,

WA). All subjects were HLA-typed by sequence-specific oligonucleotide primers using

Unitray SSP Kits (Invitrogen, Carlsbad, CA). Alder pollen-allergic subjects (n=12) and

patients before receiving allergen-SIT (n=9) were selected based on their clinical symptoms,

a positive prick test and positive IgE reactivity using the ImmunoCap test (Phadia AB,

Uppsala, Sweden) with alder pollen extracts (test score ≥ 3). For subjects with no history of

atopy (n=6), the non-allergic clinical status was confirmed by a lack of IgE reactivity and a

negative in vitro basophil activation assay with alder pollen extracts (Table E1). Patients

after successful allergen-SIT (n=7) had undergone subcutaneous SIT for a minimum of 3

years. Treatment was considered efficacious when patients had a significant reduction in

clinical symptoms and when their drug usage needs during pollen season decreased

significantly. The study was approved by the Institutional Review Board of Benaroya

Research Institute (Seattle, WA).

Wambre et al. Page 2

J Allergy Clin Immunol. Author manuscript; available in PMC 2013 February 1.

N
IH

-P
A

 A
u
th

o
r M

a
n
u
s
c
rip

t
N

IH
-P

A
 A

u
th

o
r M

a
n
u
s
c
rip

t
N

IH
-P

A
 A

u
th

o
r M

a
n
u
s
c
rip

t



Tetramer reagents and Tetramer Guided Epitope Mapping

Biotinylated HLA-DR molecules were purified as described10. A total of 19 overlapping

Aln g 1 peptides (20 aa long with a 12 residue overlap) spanning the entire Aln g 1 sequence

were synthesized (Mimotopes, Clayton, Australia). For epitope mapping, peptides were

divided into 3 pools of 5 peptides each plus a 4th pool of 4 peptides (Table E2). These

peptide mixtures were loaded into the biotinylated HLA-DR proteins to generate pooled

tetramers as described11. Cells were cultured with peptide pools for 14 days and then stained

with pooled peptide tetramers. Cells from wells which gave positive staining were stained

again using individual peptide MHC class-II (pMHCII) tetramers from the positive pool.

pMHCII-tetramers loaded with irrelevant peptides were used as negative controls.

Ex vivo analysis of Aln g 1-reactive CD4+ T cells

Magnetic bead enrichment of pMHCII-tetramer-positive CD4+ T cells was performed as

previously described7. Briefly, 30 to 60 million PBMCs in culture medium at a

concentration of 150 million/ml were stained with 20 μg/ml PE-labeled tetramers at room

temperature for 100 min. Cells were then washed twice and incubated with anti-PE magnetic

beads (Miltenyi Biotec, Bergisch Gladbach, Germany) at 4 °C for another 20 min. The cells

were washed again and were enriched using a Miltenyi magnetic column. Frequency was

calculated as previously described8. For phenotyping studies, cells in the bound fractions

were stained with antibodies against markers of interest or corresponding isotype-matched

mAbs. A combination of a violet fluorescent reactive dye (ViViD; Invitrogen, Carlsbad,

CA) as a viability marker, CD19 (Dako) and CD14 (BD Pharmingen) was used to exclude

dead cells, B cells and monocytes from the analysis, respectively. For Foxp3 (eBioscience)

or Ki-67 (BD Bioscience) staining, tetramer and surface staining was performed first,

followed by fixation/permeabilization and staining as previously described12. Data

acquisition was performed on an LSRII flow cytometer (Becton Dickinson) and analyzed

using FlowJo software (Treestar, Ashland, Ore).

Intracellular cytokine staining

CD4+ T cells cultured for 14 days with specific immunodominant peptide were stained with

corresponding PE-conjugated pMHCII-tetramers for 60 min at 37 °C. Cells were then

stimulated with 50 ng/mL PMA and 1 μg/mL ionomycin in the presence of 10 μg/ml

monensin in 1ml of complete medium for 6 h at 37 °C, 5% CO2. For cytokine staining,

surface staining was performed first, followed by fixation/permeabilization as per the

manufacturer’s protocol (eBioscience). Cells were then stained with various combinations of

antibodies for IFN-γ, IL-17, IL-10 and IL-13 (all Biolegend), IL-4 (eBioscience) and IL-5

(Miltenyi) or corresponding isotype-matched mAbs. After 30 min at 4 °C, cells were washed

and immediately analyzed by flow cytometry.

Statistical analysis

The nonparametric Mann-Whitney U test was used for unpaired comparisons between

groups, whereas the nonparametric Wilcoxon matched pairs test was used for paired

comparison. All statistical analysis was performed with the GraphPad Prism software

version 5.0a (GraphPad Software, La Jolla, CA).

RESULTS

Allergen-specific CD4+ T cells are present in allergen-tolerant individuals

A prerequisite for utilizing pMHCII-tetramers to interrogate CD4+ T cells is the

identification of MHC class II-restricted epitopes within the antigen of interest. We used the

tetramer-guided epitope mapping (TGEM) approach11 to identify CD4+ T cell epitopes
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within Aln g 1, the major allergen from Alnus glutinosa (data not shown). We selected

DRB1*07:01 and DRB1*15:01 for our study as these alleles were prevalent in our cohort of

alder pollen-allergic subjects. We identified two peptides, Aln g 176–88 and Aln g 1142–154,

as minimal epitopes for DRB1*07:01, and Aln g1142–154 as a minimal DRB1*15:01-

restricted epitope in allergic subjects (Table E3). We next produced and used PE-labeled

DRB1*07:01 and DRB1*15:01 pMHCII-tetramers corresponding to these epitopes to track

Aln g 1-specific CD4+ T cells ex vivo using an anti-PE magnetic bead enrichment

technique7. This allowed direct detection and quantification of allergen-specific CD4+ T

cells with minimal manipulation, thereby circumventing the potential bias introduced by in

vitro amplification. We consistently detected Aln g 1-specific CD4+ T cells in both alder

pollen-allergic and non-allergic individuals (Fig. 1A). The average frequency of Aln g 1-

specific CD4+ T cells was significantly higher in alder pollen-allergic subjects than in non-

allergic subjects (Fig. 1B) and these cells displayed a predominantly CD45RO+ memory

phenotype in all individuals examined (Fig. 1C), implying natural antigen presentation

which is critical for clinically relevant epitopes. These data demonstrate the presence of Aln

g 1-specific memory CD4+ T cells in alder pollen-allergic and non-allergic subjects that

react to the same immunodominant epitopes. However, the absence of a pathologic response

in non-allergic individuals is accompanied by a significantly lower number of Aln g 1-

specific CD4+ T cells.

Allergen-specific CD4+ T cells are functionally active during pollen season

To determine whether natural exposure to alder pollen induces the activation and

proliferation of Aln g 1-specific CD4+ T cells in both groups of subjects, we examined

expression of the nuclear protein Ki-67, an indicator of T cell proliferation in vivo13, and

CD38, a cell-surface activation marker14, outside and during the alder pollen season. In each

of the alder pollen-allergic individuals tested, Ki-67 (Fig. 2A) and CD38 (Fig. 2B)

expression within Aln g 1-specific CD4+ T cells dramatically increased between March and

April, a window of time that correlates with elevated levels of alder pollen (Fig. E1) and

increased allergy symptoms. After the alder pollen season, the percentage of Aln g 1-

specific cells expressing Ki-67 and CD38 declined rapidly, returning to baseline levels by

May. The low frequency of allergen-specific CD4+ T cells in non-allergic individuals

precluded determination of Ki-67 expression in those subjects; however, the level of CD38

expression could be examined. CD38 expression was significantly up-regulated in non-

allergic individuals during alder pollen season, suggesting a recently generated population of

activated CD4+ T cells (Fig. 2C).

Increased Ki-67 expression among Aln g 1-specific CD4+ T cells indicates that these cells

are actively dividing during the symptomatic period; accordingly, we observed in all alder

pollen-allergic individuals a 2 to 5-fold higher ex vivo frequency in alder pollen season than

out of season (Fig. 2D). The frequency of Aln g 1-specific CD4+ T cells reached a peak in

April, decreased rapidly for the first 2 months after alder pollen season, and then slowly

returned to baseline (Fig. 2E). Together, these data demonstrate allergen recognition by T

cells in both allergic and non-allergic subjects during periodic natural allergen exposure.

Allergen-specific CD4+ T cells are distinct in allergic and non-allergic subjects

To characterize Aln g 1-specific CD4+ T cell responses in each group, we next directly

examined the expression of various markers by Aln g 1-specific CD4+ T cells (Fig. 3A and

B). We observed that most allergen-specific CD4+ T cells from alder pollen-allergic

individuals expressed the prostaglandin D2 receptor, CRTH2, a marker associated with T

helper (TH) type-2 cytokine-producing cells15, and CCR4, a TH-2-associated chemokine

receptor that allows trafficking to non-lymphoid sites such as the skin and airway mucosa16.

These cells did not express the TH-17 associated chemokine receptor CCR617 (Fig. 3A and
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C). In contrast to cell surface marker expression in allergic individuals, Aln g 1-specific

CD4+ memory T cells from non-allergic individuals did not express CRTH2 and only a

small percent expressed CCR4 (Fig. 3B and C). Moreover, a higher proportion of Aln g 1-

specific CD4+ T cells from non-allergic individuals expressed CXCR3, a TH1-associated

chemokine receptor that has been reported to correlate with allergen-specific IFN-γ
production18. However, although we cannot rule out the possibility that our ex vivo analysis

may not reflect the local events in specific tissues, we observed no significant difference in

the proportion of peripheral CD127−CD25HIFoxp3+ Aln g 1-specific CD4+ T cells between

allergic and non-allergic individuals (Fig. 3C) or between in season and out of season time

points (data not shown).

In support of these phenotyping experiments, we next functionally characterized the

allergen-specific CD4+ T cell responses. In alder pollen-allergic individuals, Aln g 1-

specific CD4+ T cells produced TH2-associated cytokines, including abundant IL-4, IL-5

and IL-13, but produced no IL-17 and only small amounts of IFN-γ (Fig. 3D). In non-

allergic individuals, allergen-specific CD4+ T cells produced IFN-γ and IL-10 but TH2-

cytokines were absent. Interestingly, allergen-specific CD4+ T cells co-expressed IL-10 and

IFN-γ in those individuals (Fig. E2). This result, together with the observation that

peripheral allergen-specific CD4+ T cells are rarely CD127−CD25HIFoxp3+ demonstrate

that peripheral tolerance to allergen is associated with TH1 and TR1 cells.

CD27 expression defines functionally distinct allergen-specific T cell subsets

Human CD4+ memory T cells progress through stages of post-thymic differentiation that are

each characterized by a distinct expression of CD27 and CCR7 on CD4+ memory T

cells19–21. In the context of allergy, a recent study demonstrated that birch pollen-specific

CD4+ memory T cells expressed CCR7 in non-allergic individuals but not in allergic

individuals12. In light of these findings, we postulated that the functional differences of

allergen-specific CD4+ memory T cells between allergic and healthy subjects may depend

upon their stage of differentiation. Here we found that Aln g 1-specific CD4+ memory T

cells from non-allergic individuals expressed CD27 and CCR7, while those from alder

pollen-allergic individuals mainly lacked CD27 and CCR7 expression (Fig. 4A),

characterizing them as terminally differentiated effector cells. In support of this finding, Aln

g 1-specific CD4+ T cells from alder pollen-allergic individuals expressed lower levels of

CD7 than those from non-allergic subjects. Loss of this marker is also consistent with the

phenotype of highly mature memory T cells22;23.

Only a small proportion of allergen-specific CD4+ memory T cells expressed CD27 in

allergic subjects. This motivated us to explore whether this fraction represents a subset of

allergen-specific CD4+ memory T cells that is functionally distinct from the CD27− Aln g 1-

specific CD4+ memory T cell subset. Multicolor staining of cell surface markers revealed

that CD27+ allergen-specific CD4+ T cells from alder pollen-allergic subjects expressed

little to no CRTH2 while the CD27− Aln g 1-specific CD4+ T cell fraction expressed high

levels of CRTH2 (Fig. 4B). Both of these subsets up regulated CD38 expression during the

pollen season (data not shown) indicating that they actively respond to natural allergen

exposure. Further characterization revealed that CXCR3 was coordinately expressed with

CD27 and a lower proportion of those cells expressed CCR4 (Fig. 4C and E3 A). Cytokine

analysis of CD27+ and CD27− Aln g 1-specific CD4+ T cells in alder pollen-allergic

individuals revealed that CD27− allergen-specific CD4+ T cells produced TH2 cytokines

while CD27+ allergen-specific CD4+ T cells secreted IFN-γ (Fig. 4D and E3 B). In total,

these results indicate that CD27+ allergen-specific CD4+ T cells in allergic individuals are

phenotypically and functionally similar to allergen-specific CD4+ T cells in non-allergic

subjects, while CD27− allergen-specific CD4+ T cells are phenotypically and functionally

distinct. Thus, allergen-specific CD4+ memory T cells can be divided into two distinct
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subpopulations with unique functional properties: a CD27− subpopulation which represents

allergen-specific TH2 cells and a CD27+ subpopulation which represents allergen-specific

TH1 and TR1 cells.

SIT induces preferential deletion of TH-2 cells

Clinical improvement in allergic individuals receiving allergen immunotherapy is associated

with decreased in the ratio of allergen-specific TH2/TH1 and TH2/TR1 cells24–25. To directly

assess the immunological changes induced during allergen-SIT, we examined the frequency

and surface phenotype of Aln g 1-specific CD4+ T cells in alder pollen-allergic patients

during and after allergy vaccine therapy. In patients after successful allergen-SIT (n=7), we

consistently observed low frequencies of Aln g 1-specific CD4+ T cells that were almost

exclusively CD27+ (Fig. 5A). Based on reports that loss of CD27 expression is an

irreversible phenomenon associated with cells with a shorter life-span19;26–27, we postulated

that the reduced frequency of Aln g 1-reactive T cells observed in patients after successful

allergen-SIT was due to the depletion of the CD27− Aln g 1-specific CD4+ T cells.

Interestingly, all different groups of subjects had equivalent frequencies of CD27+ Aln g 1-

specific CD4+ T cells (Fig. 5A). In addition, surface marker expression and cytokine profiles

of CD27+ allergen-specific CD4+ memory T cells were remarkably similar regardless of

whether they were isolated from non-allergic or patients after successful allergen-SIT (Fig.

5B and C). Together, our observations suggest that allergen-SIT may induce the selective

deletion of allergen-specific CD27− CD4+ T cells, likely due to their increased susceptibility

to apoptosis22;26. To further corroborate these findings, we followed the Aln g 1-specific

CD4+ T cell response in two alder pollen-allergic subjects at multiple time points during the

course of allergen-SIT. This analysis revealed that the CD27− (TH2) allergen-specific CD4+

T cell subset progressively declined after allergen-SIT treatment was initiated. In contrast,

the CD27+ (TH1/TR1) subset remained relatively stable but became progressively dominant,

apparently due to the decrease of the CD27− (TH2) population (Fig. E4 A and B). Together,

these data suggest that the overall reduction in the frequency of allergen-specific CD4+

memory T cells during allergen-SIT may occur mainly through depletion of the TH-2 subset,

leading to an increase in the allergen-specific TH1/TH2 and TR1/TH2 cell ratio.

DISCUSSION

In the present study we utilized an ex vivo pMHCII-tetramer approach to demonstrate that

the degree of differentiation of pollen allergen-specific CD4+ memory T cells is correlated

with their functional activities. These data have several important implications for

understanding the basic immunologic mechanisms involved in the amelioration of allergic

symptoms during allergen-SIT. First, we demonstrate that allergic and non-allergic

individuals have functionally and phenotypically distinct circulating allergen-specific CD4+

T cells which can be clearly differentiated based on their differentiation stage. Both of these

subsets actively respond to natural allergen exposure, but they appear to play markedly

different roles in allergic disease. While we detected CD27+ allergen-specific memory CD4+

T cells in both allergic and non-allergic subjects, we exclusively detected CD27− allergen-

specific memory CD4+ T cells in allergic subjects. CD27− allergen-specific CD4+ T cells

were associated with TH2 cytokine production, providing a clear functional connection with

allergic disease. In contrast, CD27+ allergen-specific CD4+ T cells were associated with

IFN-γ and IL-10 production and represent the only subset observed in non-allergic

individuals, implying that these cells are protective and play a role in tolerance to allergens.

Finally, the chronic high-dose allergen stimulation during allergen-SIT may induce a total

depletion of allergen-specific CD27− T cells with no significant changes in the frequency of

CD27+ allergen-specific memory CD4+ T cells. These data suggest a novel mechanism in
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which the depletion of allergen-specific TH2 cells, rather than an increase in allergen-

specific regulatory T cells, could be a key event in restoring tolerance during allergen-SIT.

One of the noteworthy findings in this study is that allergen-specific CD4+ T cells may have

different levels of sensitivity to allergen-SIT based on their differentiation state. The

observation that only the CD27+ allergen-specific CD4+ T cell subset persists in allergic

patients after successful allergen-SIT suggests that these protective allergen-specific CD4+ T

cells possess a survival benefit during allergen-SIT that correlates with CD27 expression26.

While the frequency of CD27+ allergen-specific CD4+ memory T cells remained relatively

constant during allergen-SIT, our data demonstrate a dramatic reduction in the overall

frequency of allergen-reactive T cells and an accompanying change in the ratio of allergen-

specific TH2/TH1 and TH2/Tr1 cells.

A course of allergen-SIT involves repeated administration of escalating doses of the

sensitizing allergen over months or years. In a recent study, a novel role for apoptosis in

allergen-SIT has been suggested28. Given that functional deletion of highly mature antigen-

specific CD4+ T cells can occur when the antigen dose is both extremely high and

persistent29;30, it is possible that allergen-SIT acts by this mechanism. The absence of

CD27− allergen-specific CD4+ T cells in the SIT-treated group, even a long period of time

after treatment, is notable and suggests a mechanism of deletion rather than T cell homing to

tissue sites. In addition, we found that allergen-specific TH2 cells also display an absence of

CD7 expression, which has been associated with cells highly sensitive to activation-induced

cell death22–23. Thus, we propose that allergen-specific TH2 cells, which are typically in the

final stages of differentiation, are more susceptible to apoptosis during allergen-SIT than

CD27+ (protective) allergen-specific CD4+ T cells.

IL-10 plays an important role in both induction and maintenance of specific T cell tolerance

and may be implicated in the mechanism of desensitization31;32. Here, we show that

allergen-specific TH1-like TR1 cells are the IL-10-producing cell type that becomes

increasingly dominant during the course of allergen-SIT. It has been demonstrated that

during repetitive activation with high dose antigen, the principal source of IL-10 is TH1

cells33 and that such conditions result in the differentiation of IL-10-producing TH1 cells

and maximal IL-10 expression34–36. Differentiation and induction of IL-10-secreting TR1

cells has been recently demonstrated to be negatively regulated by the TH2 cytokine

IL-433;37;38. In addition, it has been recently suggested that production of IL-4 causes TH2

cells to become refractory to regulatory T cell suppression39;40, suggesting that allergen-

specific TH2 cell depletion is a critical first step in the induction of a protective response

during allergen-SIT. Interestingly, it has been shown that during such persistent stimulation,

IL-10-secreting TR1 cells are generated from naïve cells in the presence of IL-1041;42,

suggesting sequential induction and maintenance of a tolerogenic response. Hence, in

addition to depletion of allergen-specific CD4+ TH2 cells, the mechanism of action of

allergen-SIT may also include the enhancement of IL-10 production by the remaining

CD27+ allergen-reactive T cells and generation of new protective allergen-specific Tr1 cells

by repeated high-dose allergen stimulation.

Collectively, our results suggest that depletion of allergen-specific TH2 cells may be a key

event during clinical tolerance induction, which proposes a new paradigm for understanding

why duration and allergen dose could be key factors for successful allergen-SIT. In this

context, the use of synthetic peptide fragments of allergen molecules which could allow the

administration of higher doses of allergen without increasing the risk of anaphylaxis is an

attractive approach for improving the efficacy and safety of current allergy treatment.
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Acknowledgments

We thank Jennifer Heaton for help with subject recruitment. We also thank G.T. Nepom and S.F. Ziegler for

comments on the manuscript as well as members of our laboratory for discussions and suggestions.

Declaration of all sources of funding: NIH contract HHSN272200700046C

Abbreviations
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PE Phycoerythrin
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Key Messages

• Peptide-MHC class II tetramer staining allows reliable direct ex vivo

visualization of allergen-specific CD4+ T cells in a setting closer to their natural

physiological state.

• CD27 expression distinguishes protective (TH1/TR1) from pathogenic (TH2)

allergen-specific CD4+ T cells.

• Allergen-SIT restores the balance between pathogenic and protective T cell

responses by preferential deletion of terminally differentiated (TH2) cells and

IL-10 induction in surviving CD27+ allergen-specific CD4+ T cells.
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Figure 1.

Frequencies of Aln g 1-specific T cells. A, Ex vivo DRB1*07:01 and DRB1*15:01/Aln g 1-

pMHCII-tetramer staining of total live CD3+ T cells. Data are representative of at least 3

individuals per group. B, Ex vivo frequencies of Aln g 1-specific CD4+ T cells during the

alder pollen season. C, Percentage memory (CD45RO+) cells within Aln g 1-specific CD4+

T cells. B and C, each data point represents a single epitope in a single donor. Differences

between groups were analyzed by Mann-Whitney U-test.
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Figure 2.

Dynamics of the Aln g 1-specific T cell response. Ex vivo longitudinal analysis of Ki-67 (A)

and CD38 expression (B) within Aln g 1-specific CD4+ T cells in allergic individuals. C,

Percentage of Aln g 1-specific CD4+ T cells expressing CD38. D, Ex vivo frequencies of

Aln g 1-specific CD4+ T cells in ten allergic individuals, outside and during the alder pollen

season. E, Ex vivo Aln g 1-specific CD4+ T cell frequencies plotted over time for three

representative allergic individuals. A-C, Each data point in each time period represents a

single epitope in a single donor. C-D, Differences between groups were analyzed by the

Wilcoxon matched pairs test.
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Figure 3.

Phenotype of Aln g 1-specific T cells. Representative flow cytometry plots showing ex vivo

multicolor phenotyping of Aln g 1-specific CD4+ T cells in allergic (A) and non-allergic

individuals (B). C, Ex vivo phenotype of Aln g 1-specific CD4+ T cells. D, Cytokine

production by Aln g 1-specific CD4+ T cells. A and B, Percentages of tetramer-positive

cells expressing the given marker are indicated in the upper right quadrant. C and D, Data

are mean ± SEM from at least 6 individuals per group. Differences between groups were

analyzed by Mann-Whitney U-test. * P < 0.001.
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Figure 4.

CD27 expression defines two distinct subsets of allergen-specific T cells. A, Percentage of

CD27+, CCR7+, and CD7+ cells among Aln g 1-specific CD4+ T cells within the allergic

(grey) and non-allergic (black) group. Each square represents a single donor. B, CRTH2

expression (open histogram) by CD27+ and CD27− Aln g 1-specific CD4+ T cells in allergic

individuals. C, Ex vivo phenotype of CD27− and CD27+ Aln g 1-specific CD4+ T cells in

allergic individuals. D, Cytokine production by CD27− and CD27+ Aln g 1-specific CD4+ T

cells in allergic individuals. Data are mean ± SEM from at least 7 individuals. Differences

between groups were analyzed by Mann-Whitney U-test. * P < 0.001.
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Figure 5.

Effect of allergen-SIT on Aln g 1-specific CD4+ T cells. A, Average frequencies of CD27−

and CD27+ Aln g 1-specific CD4+ T cell in twelve allergic and six non-allergic individuals

and seven patients after successful SIT. Ex vivo phenotypes (B) and cytokine production (C)

in Aln g 1-specific CD4+ T cells between non-allergic individuals and patients after

successful SIT. Data are mean ± SEM from at least 6 individuals per group. Differences

between groups were analyzed by Mann-Whitney U-test. * P < 0.001.

Wambre et al. Page 16

J Allergy Clin Immunol. Author manuscript; available in PMC 2013 February 1.

N
IH

-P
A

 A
u
th

o
r M

a
n
u
s
c
rip

t
N

IH
-P

A
 A

u
th

o
r M

a
n
u
s
c
rip

t
N

IH
-P

A
 A

u
th

o
r M

a
n
u
s
c
rip

t


