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Allergen-Specific MHC Class II Tetramer™ Cells Are
Detectable in Allergic, but Not in Nonallergic, Individuals'

Claudia Macaubas,’* Jan Wahlstrom,’* Ana Paula Galvao da Silva,* Thomas G. Forsthuber,’
Grete Sgnderstrup,” William W. Kwok,* Rosemarie H. DeKruyff,7 and Dale T. Umetsu>7

Allergen-specific cells are present in very low frequency in peripheral blood of humans, and differ in function in allergic and
nonallergic individuals. We report in this study that soluble class I MHC tetramers can be used to directly identify and study such
allergen epitope-specific CD4™ T cells in humans. We identified the major antigenic epitope of rye grass allergen Lol p 1 in
HLA-DRB1#0401 individuals using HLA-DR*0401 transgenic mice and peripheral blood cells from HLA-DR*0401 individuals.
Using DRB1*#0401 tetramers loaded with this major epitope of Lol p 1, we detected allergen-specific CD4* T cells in the peripheral
blood of DRB1*#0401 rye grass allergic individuals after ex vivo expansion with allergen. These tetramer-positive cells produced
IL-4, but little IFN-vy. In contrast, we were unable to detect rye grass tetramer-positive cells in cultures from HLA-DR*0401
nonallergic individuals, even after expansion with IL-2. Thus, our results suggest that rye grass allergen-specific T cells in
DR*0401 nonallergic subjects are present at very low levels (e.g., because of deletion or suppression), differ in a fundamental way
in their requirement for ex vivo expansion (e.g., they may be anergic), or use TCRs distinct from those of allergic individuals. Thus,
analysis using DRB1%0401 tetramers loaded with a major epitope of Lol p 1 indicates that allergen-specific CD4* T cells in

nonallergic individuals are distinct from those in allergic subjects.

llergic diseases affect 25—-40% of the general population
A in developed countries and have increased dramatically

in prevalence over the past 2 decades (1). Allergic re-
sponses are characterized by the development of inappropriate im-
mune responses to common environmental allergens, such as grass
pollens, house dust mites, and animal dander, and are associated
with allergen-specific Th2 CD4™ Th cells producing IL-4, IL-5,
and IL-13 (2). CD4™ T cells are of fundamental importance in
allergic diseases, regulating the production of IgE and the effector
function of mast cells and eosinophils. Furthermore, depletion of
CD4™" T cells in animal models prevents the development of ex-
perimental asthma (3). In humans, the presence of CD4 ™" Th2 cells
correlates with disease severity in asthma (4, 5), suggesting that
CD4™" Th2 cells play a critical role in atopic diseases, including
allergy and asthma.

Although allergic individuals develop Th2-dominant immunity,
nonallergic individuals exposed to the same allergens develop im-
mune responses that protect against the development of allergic
symptoms. The specific nature of these protective responses is still
largely unknown, and diverse mechanisms, such as Thl cells (6) or
IL-10-dependent regulatory T cell responses (7), have been pro-
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posed to explain this protection. Studies of mouse models using
Ag-specific TCR transgenic T cells suggest that allergic and non-
allergic individuals might respond to inhaled allergens by recog-
nizing identical antigenic epitopes of these allergens. These studies
suggest that T cells of allergic and nonallergic individuals differ
primarily in their cytokine profiles due to immune deviation, rather
than at the level of the TCR of the responding T cells. Although the
use of mouse TCR transgenic systems has greatly improved our
understanding of immune deviation and Ag-specific protective im-
mune responses (8), the precise mechanisms of protective immu-
nity against allergy in humans remain unclear. The major reason
for this uncertainty is that study of class II MHC-restricted, Ag-
specific responses in humans is hampered by the inability to track
allergen-specific cells due to their low frequency.

Presently, the examination of allergen-specific CD4" T cells
requires ex vivo activation and expansion of Th2 cells present in
the peripheral blood with various stimuli, including allergens as
well as nonspecific stimuli, resulting in bystander activation of
Ag-nonspecific cells. Despite the use of techniques designed to
track allergen-responding cells using activation markers, cytokine
production, and dyes such as CFSE, these methods do not clearly
discriminate between Ag-specific cells and activated Ag-nonspe-
cific cells. Thus, the difficulty in studying and tracking human
Ag-specific CD4™ T cells present in peripheral blood at very low
frequency has hampered our understanding of the critical role of
allergen-specific CD4 ™" T cells in allergy and protective immunity.

The development of class II MHC tetramers provides a signif-
icant opportunity to directly identify and characterize allergen-spe-
cific CD4™ T cells (9, 10). Tetramers are multimeric forms of
soluble recombinant MHC molecules associated with specific
bound Ag peptides (11) and have been used to track epitope-spe-
cific T cells in complex systems (12, 13). The use of tetramers also
involves identification of the determinants that bind to the TCR in
an HLA-specific context. Class I MHC tetramers have been used
to identify circulating specific CD8™ T cells to the major allergen
from the house dust mite, Der p I, in allergic individuals with
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atopic dermatitis and in asymptomatic allergic individuals (14). An
association between the level of disease and the frequency of
CD8™ tetramer-positive cells was observed, showing the potential
of using tetramers to identify and characterize allergen-specific T
cells. However, class II-restricted CD4™" cells, rather than class I
CD8™ cells, are thought to play the primary role in regulating
immune responses to allergens (15). Therefore, examination of
MHC class II Ag-specific T cells could provide important infor-
mation regarding immune regulation in allergy and the nature of
protective immunity and tolerance in allergy and could lead to
improved new therapies for allergy and asthma.

In this study we characterized rye grass allergen-specific, MHC
class Il-restricted CD4™ T cells in allergic and nonallergic indi-
viduals, using MHC class II tetramers. We identified the dominant
HLA-DR epitope of the major rye grass allergen Lol p I in HLA-
DRB1#0401 individuals using HLA-DR*0401 transgenic mice
and peripheral blood T cells from HLA-DR*0401 individuals. Us-
ing soluble DRB1*0401 tetramers loaded with this epitope, we
studied whether allergic and nonallergic individuals differed in
their frequency of CD4™ rye grass tetramer cells and in the cyto-
kines produced by these rye grass tetramer™ cells.

Materials and Methods
Subjects

Two hundred sixty-two individuals were recruited for this study. Serum
was assayed by the clinical laboratories of Stanford Hospital for total IgE,
and specific IgE (by IgE radioallergosorbent test (CapRAST; Pharmacia
Diagnostics); assay range, 0—6) against 16 common, local aeroallergens:
alder tree, oak tree, olive tree, Bermuda grass, rye grass, timothy grass,
dock weed, sage weed, western ragweed, alternaria mold, Aspergillus
mold, Cladosporium mold, cockroach, cat dander, dog dander, and dust
mite. Genomic DNA from all individuals was typed for HLA-DRB1*0401
by sequence specific oligonucleotide probes by Stanford Medical School
Blood Center. From these 262 individuals, 28 were found to be positive for
HLA-DRB1*0401, representing 11% of the total donor sample. From
these, 12 individuals (5% of the original sample) were rye grass positive by
CapRAST (minimum test score, 2), and 11 were negative for all 16 aller-
gens tested (4% of the total). Five individuals (2% of the total) were found
to be negative for rye grass, but positive for other allergens (designated
intermediate allergic). From the eligible donors, six rye grass allergic, six
nonallergic, and two intermediate individuals donated additional blood for
analysis. All allergic subjects analyzed had IgE to one or more perennial
allergen (house dust mite, cat, dog, and cockroaches), and with the excep-
tion of one intermediate subject (I-1), all allergic subjects were polysen-
sitized. The average total IgE was 111 kU/1 (range, 58—-170) for allergic
subjects, 14 kU/I (range, 4-30) for nonallergic subjects, and 36 kU/I for
intermediate allergic subjects. The allergic group comprised five men and
one woman, the nonallergic group comprised two males and four females,
and the intermediate allergic subjects were both women. The gender dif-
ference was not statistically significant between the allergic and nonallergic
groups, and the majority of DRB1¥0401 men were allergic, with only two
nonallergic men. Two allergic individuals were of Asian ethnicity; all oth-
ers were Caucasian. The average age was 33 years (range, 25-49) for the
allergic group and 39 years (range, 28—63) for the nonallergic group; this
difference was not statistically significant. Intermediate allergic individuals
were 34 and 44 years of age. The Stanford University human subjects
committee approved the study, and all subjects gave written informed con-
sent before enrolling in the study.

Antigens

Purified rye grass Ag group I from Lolium perenne pollen (purified Lol p
1) was obtained from the National Institute of Allergy and Infectious Dis-
eases Reference Reagent Repository. Peptides were synthesized at Stanford
University Protein and Nucleic Acid Facility by F-moc chemistry, as free
carboxyl and nonacetylated, and were analyzed by reverse phase HPLC
and mass spectrometry. For the tetramer synthesis, the peptides were pu-
rified, and only preparations with >80% purity were used.

Tetramer synthesis

Biotinylated DRB1#0401 molecules were produced as described previ-
ously (9). Rye grass peptides were loaded onto soluble DRB1*#0401 mol-

TETRAMER-POSITIVE CELLS IN ALLERGIC AND NONALLERGIC SUBJECTS

ecules. Loading of peptide into the tetramers was conducted with 1 mg/ml
class I MHC molecules, 25 mg/ml peptides in 100 mM sodium phosphate
(pH 6.0), and 0.2% h-octyl-p-glucopyranoside for 48 h at 37°C. Tetramers
were formed by incubation of class II MHC molecules with PE-labeled
streptavidin (BioSource International) at a molar ratio of 8:1 for 6 h at
room temperature. Empty tetramer or tetramer loaded with myelin basic
protein served as negative controls.

Immunization of mice

BALB/c mice were obtained from The Jackson Laboratory, and HLA-DR4
(DRA1*0101, DRB1*#0401) transgenic mice were generated at Stanford
University (16) or were provided by the animal facility at Case Western
Reserve and have previously been used for extensive characterization of T
cell epitopes in autoimmune diseases. Mice were immunized s.c. in the
footpad with 100 ug of purified Lol p //mouse in IFA. On day 7, mice were
killed, and cells from draining lymph nodes were used in proliferation
assays with Lol p I-derived peptides. The Stanford administrative panels
on laboratory animal care approved all mouse protocols.

Cytokine ELISPOT assay

PBMC from DRB1#0401 rye grass-allergic subjects were isolated by Fi-
coll-Hypaque gradient centrifugation from freshly drawn blood; resus-
pended at 2 X 10° cells/ml in DMEM supplemented with 10% human AB*
sera, 2 mM glutamine, and 10 wg/ml gentamicin (complete DMEM); and
incubated with 100 wg/ml purified Lol p I for 6 days. Nonadherent cells
were harvested on day 6 and incubated with freshly obtained, adherent,
irradiated, autologous APCs and Ag at the same concentration on ELIS-
POT plates (ImmunoSpot; Cellular Technology) previously coated with
IFN-v- or IL-5-specific capture Ab and blocked with 1% BSA in PBS. The
cells were cultured for 24 h for IFN-y and 48 h for IL-5. Subsequently,
cells were removed by washing, and biotinylated detection Abs were added
and incubated overnight. Spots were visualized by adding streptavidin-
alkaline phosphatase and NBT/5-bromo-4-chloro-3-indolyl-phosphate sub-
strate. Image analysis of ELISPOT assays was performed on a series 1
ImmunoSpot Image Analyzer (Cellular Technology) customized for ana-
lyzing ELISA spots to meet objective criteria for size, chromatic density,
shape, and color and suited to measure the cytokine production of low
frequency, Ag-specific, memory T cells.

Cell culture for tetramer detection and intracellular cytokine
detection

Freshly isolated PBMCs (2 X 10° cells/ml) in complete DMEM were stim-
ulated with peptide (final concentration, 10 wg/ml) or purified Lol p 1 (final
concentration, 100 wg/ml) in 24-well plates (1 ml/well). Optimal concen-
trations of peptide and Lol p 1 were previously determined by [*H]thymi-
dine cell proliferation assays. The cells were cultured for 6 days in 10%
CO, at 37°C. On day 6, the nonadherent cells were harvested and incubated
with Ag plus freshly obtained irradiated autologous PBMCs. Except as
noted, the cells were restimulated for 3 days. The nonadherent cells were
then harvested and resuspended at 5 X 10° cells/ml in complete DMEM for
tetramer staining and intracellular cytokine assays.

Tetramer staining

Cells (5 X 10%) in 100 ul complete DMEM were distributed in 96-well,
round-bottom plates. One microliter of rye grass or control tetramer (0.5
mg/ml) was added, and the plate was incubated in 10% CO, at 37°C for
2 h. After the incubation, surface staining was performed for 15 min at
room temperature. The cells were then washed in complete DMEM, re-
suspended in PBS plus 1% heat-inactivated FCS, and analyzed by a FAC-
Scan (BD Biosciences) on the same day or, alternatively, fixed by addition
of paraformaldehyde (1% final concentration) and analyzed 24 h later.
Preliminary analysis showed that fixation did not interfere with the detec-
tion of tetramer staining. Approximately 1 X 10° lymphocytes were col-
lected for each sample.

Tetramer staining and intracellular cytokine detection

Cells (1 X 10%ml) in 200 ul of complete DMEM were distributed in 5-ml
polypropylene tubes. Five microliters of rye grass or negative tetramer was
added, and cells were incubated in 10% CO, at 37°C for 2 h. After this
incubation, 800 ul of complete medium with brefeldin A (BD Biosciences;
final concentration, 1/1000), PMA (final concentration, 40 ng/ml; Sigma-
Aldrich), and ionomycin (final concentration, 1 ug/ml; Sigma-Aldrich)
was added to the tubes, and the cells incubated for an additional 4 h at
37°C. The cells were then stained for surface markers, fixed with 1% para-
formaldehyde in PBS, and permeabilized with PermWash (BD Bio-
sciences). Abs for intracellular cytokine staining were added for 30 min,
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followed by washes and resuspension in PBS with 1% FCS and 1% para-
formaldehyde, and were analyzed by flow cytometry within 24 h. Approx-
imately 5 X 10° lymphocytes were collected from each sample.

Abs and flow cytometry

Cells were stained with PE-Cy5-labeled anti-CD4, and B cells were ex-
cluded using FITC-labeled anti-CD19 or PerCP-labeled anti-CD19. For
detection of intracellular cytokines, anti-IL-4, IL-10, and IFN-vy (all FITC
labeled) and their respective isotype controls were used. All Abs were
obtained from BD Biosciences. A FACScan (BD Biosciences) was used for
analytical flow cytometry, and data were processed with CellQuest Pro
(BD Biosciences) and FlowJo (Tree Star) software.

Statistical analyses

For statistical analysis, rye grass-allergic and intermediate allergic subjects
were considered as one group. Paired data were analyzed by Wilcoxon test,
and nonpaired data were analyzed by Mann-Whitney U test, both two-
tailed. PRISM software (version 4; GraphPad) was used for the analysis.
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Results
Identification of the dominant T cell epitope of rye grass
allergen protein Lol p 1 in the context of HLA-DRB1%0401

We initially determined the dominant T cell epitope of Lol p 1
in the context of HLA-DRB1*0401 using HLA-DR4
(DRAT1*0101 and DRB1#0401) transgenic mice. Mice were im-
munized s.c. with purified Lol p I, and the response to a panel
of overlapping Lol p 1 peptides (17) was determined by
[*H]thymidine incorporation. The panel consisted of 26 pep-
tides spanning the entire length of the Lol p I protein (20-mer
overlapping by 10 aa). Immunization conditions for these ex-
periments, including allergens and allergen dose, adjuvant,
route of administration, lymphoid organ used as source of T
cells, and conditions of the proliferation assay, were optimized
using control BALB/c mice (data not shown). Fig. 1A shows
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FIGURE 1. Identification of T cell epitopes in rye grass allergen protein Lol p 1. A, HLA-DR4 transgenic mice were immunized s.c. with purified Lo/
p 1, and the proliferation of lymph node cells in response to purified Lol p I and a panel of 26 overlapping Lol p I peptides was determined by [*H]thymidine
incorporation. N, negative control (medium alone); pL, positive control (purified Lol p 1). B, Determination of the HLA-DR4 binding motif in peptide 13.
Proliferation in response to pl3-derived peptides O and P, but not Q, demonstrates that the DR4 binding motif is YHFDLSGHA (see text). C, Sequence
of immunodominant peptide 13 and peptides O, P, and Q. Peptides O, P, and Q were shifted by two amino acids toward the C terminus and were used
to determine the critical DR4 binding motif in peptide 13. C, Determination of the HLA-DR4 binding motif in peptide 13. Proliferation in response to
pl3-derived peptides O and P, but not Q, demonstrates that the DR4 binding motif resides is YHFDLSGHA (see text). D, ELISPOT assay of IL-5
production. PBMCs from rye grass-allergic DRB1#0401 subjects were stimulated for 6 days with medium alone (Neg), Lol p I protein (pL), or peptides,
followed by 48-h restimulation with irradiated APCs under the same respective conditions as in the primary stimulation. The graph depicts the number of
IL-5-producing cells after 48-h restimulation with medium alone (Neg), Lol p I protein at 50 ug/ml (pL 50), and peptides 13, 9, and 21. E, ELISPOT assay
of IFN-+y production. PBMCs from rye grass-allergic DRB1#0401 subjects were stimulated for 6 days with Lol p 1 protein, followed by 24-h restimulation
with irradiated APCs and medium alone (Neg), Lol p I protein (pL), or peptides. The graph depicts the number of IFN-y-producing cells after 24-h
restimulation with medium alone (Neg), Lol p I protein at 50 ug/ml (pL 50) and 25 pg/ml (pL 25), and peptides 13 and 22.
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FIGURE 2. Establishing the con- A Response with peptide 13 B Response with Lol p protein
ditions for detection of CD4" rye
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days. On day 6, nonadherent cells
were collected and restimulated for 3
days in the presence of an equal
amount of fresh autologous irradiated
PBMCs as APCs and the same Ag as
before. Cells were assayed by flow
cytometry, with rye grass tetramer or
empty tetramer as the control tet-
ramer, every 24 h during restimula-
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that of the 26 peptides, peptide 13 contains the dominant Lol p
1 epitope in the context of HLA-DR4. Three putative DR4 bind-
ing motifs (IAPYHFDLS, YHFDLSGHA, and FDLSGHAFG)
were present within the 20-mer peptide 13. To identify the DR4
binding motif in peptide 13, additional 20-mer peptides (pep-
tides O, P, and Q; Fig. 1C) sequentially shifted in the C-termi-
nal direction were synthesized. T cell proliferation was induced
with peptides O and P, but not Q (Fig. 1B), indicating that in
DR4 transgenic mice, the motif YHFDLSGHA is the
critical one.

We confirmed that the peptide 13 is also the dominant peptide
in DR4 rye grass-allergic subjects, who were identified by total
IgE, radioallergosorbent tests, and HLA-DR typing from an ini-
tial pool of 262 volunteers. PBMCs from DRB1#0401 individ-
uals allergic to rye grass were stimulated with purified Lol p 1,
peptide 13, and several rye grass peptides as negative controls,
and cytokine production was measured by ELISPOT assay. Fig.
1 also shows that peptide 13, but not peptide 9 or 21, induced
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T cells from DRB1*0401 individuals to produce IL-5 (Fig. 1D),
and that peptide 13, but not peptide 22, induced production of
IFN-v (Fig. 1E), confirming that peptide 13 is immunogenic in
humans. Together with the results from the HLA-DR*0401
transgenic mice, these results indicate that peptide 13 contains
the immunodominant Lol p I epitope in the context of HLA-
DRB1#0401. Peptide 13 was therefore chosen for the construc-
tion of a DR4 rye grass tetramer. We compared the efficacy of
DRB1#0401 tetramers loaded with the original peptide 13 20-
mer sequence and tetramers loaded with a shorter (13-mer) de-
rived peptide (sequence: APYHFDLSGHAFG). The core nine
amino acids of peptide 13 (underlined) consist of the DR4
binding motif previously identified using the DR4 transgenic
mice. We found that staining of CD4™" cells with the tetramer
loaded with the 13-mer peptide was 15-20% higher than that
with the tetramer loaded with the 20-mer peptide. All subse-
quent experiments were conducted using 13-mer loaded
tetramer.
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peptide (10 pg/ml) for 6 days and re-
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assayed by flow cytometry with rye
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CD4™ rye grass tetramer-positive cells are detected after ex
vivo expansion

In initial experiments we were unable to detect rye grass tet-
ramer-positive cells in freshly isolated PBMCs from
DRB1*0401 rye grass-allergic individuals (data not shown),
presumably because rye grass-positive cells are present in the
peripheral blood in too low a frequency. Therefore, we ex-
panded rye grass Ag-specific cells by ex vivo stimulation with
Ag. Different expansion schemes were tested using peptide 13
or purified Lol p I, and the best results were obtained by cul-
turing the cells for 6 days, followed by 3-day restimulation with
fresh irradiated APCs from autologous PBMC and the same Ag.
Fig. 2 shows the results for tetramer detection by flow cytom-
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etry of PBMCs from an allergic individual (A1) cultured with
either peptide 13 (Fig. 2A) or Lol p 1 protein (Fig. 2B). B cells
were excluded from all analysis by gating out CD19™ cells. No
difference from the control tetramer staining was observed for
cells stimulated with peptide 13 or Lol p 1 on day 1. On day 2
of restimulation, CD4" rye grass tetramer-positive cells were
detectable in both cultures. The percentage of CD4™" rye grass
tetramer-positive cells increased on day 3, whereas staining
with the tetramer control remained stable, such that by day 3,
rye grass tetramer-positive cells for both peptide and Lol p 1
protein cultures were mainly CD4" and were confined to cells
in the large lymphocyte gate (defined on flow cytometry by
forward and side scatters; data not shown), presumably blasts.
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FIGURE 4. Percentage of CD4™ tetramer-positive cells in total lymphocytes from single individuals. Freshly isolated PBMCs from DRB1#0401 rye
grass-allergic (A-1 to A-6) and intermediate allergic (I-1 and I-2) individuals or nonallergic (NA-1 to NA-6) individuals were stimulated with p13 peptide
(10 wg/ml; A) or purified Lol p I protein (100 ug/ml; B) for 6 days and restimulated for 3 days. Cells were assayed by flow cytometry with rye grass tetramer
or empty tetramer as the control. Bars with error bars represent an average of two to four experiments. Bars without error bars represent single experiments.
C, Percentage of CD4™" tetramer-positive cells during spring and not during spring. Freshly isolated PBMCs from DRB1#0401 rye grass-allergic (left panel;
n = 5) and nonallergic (right panel; n = 5) individuals were stimulated with p13 peptide (10 wg/ml) for 6 days and restimulated for 3 days. Cells were
assayed by flow cytometry with rye grass tetramer or empty tetramer as the control. Graph boxes show the median and the 25th and 75th percentiles. The
whiskers of the graph show the largest and smallest values. Data from intermediate allergic subjects were not included, because only one subject was tested

during and not during spring, with equivalent results.
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cells in the total lymphocyte population. Freshly isolated PBMCs from a
DRB1#0401 rye grass-allergic (A-5; A) and a nonallergic individual
(NA-4; B) were stimulated with p13 peptide (10 wg/ml) for 6 days and
restimulated for 3 days with or without 5 U/ml IL-2. Cells were assayed by
flow cytometry with rye grass tetramer or DRB1*0401/myelin basic pro-

tein as the control tetramer every 24 h during restimulation.

CD4™ rye grass tetramer-positive cells are present in allergic,
but not nonallergic, individuals

We next compared the percentage of CD4™ tetramer-positive cells
in PBMCs from DRB1¥0401 rye grass-allergic, nonallergic and
intermediate allergic individuals, identified as described in Mate-
rials and Methods. Fig. 3 shows a representative example of tet-
ramer staining for both rye grass and control tetramers after 6-day
culture and 3-day restimulation with peptide 13 in cells from al-
lergic, intermediate, and nonallergic individuals. CD4 " rye grass
tetramer-positive cells were clearly identified in cells from allergic
individuals and those from one intermediate individual, but not in
those from nonallergic individuals.

Fig. 4 shows the percentage of CD4™ rye grass tetramer-positive
cells in the total lymphocyte population of single individuals in
cultures stimulated with peptide 13 (Fig. 4A) or with purified Lo/
p 1 protein (Fig. 4B). After culture with the peptide, cells from rye
grass-allergic individuals showed an increased frequency of CD4™
rye grass tetramer-positive cells compared with control tetramer.
The increased frequency in cells from allergic individuals was, on
the average, 5-fold, from a minimum of 2- to 14-fold above control
tetramer staining. This variation was subject specific, but repro-
ducible, because repeated cultures of cells from the same individ-
ual on different occasions gave similar results. Another source of
variation could be the relationship between the timing of blood
drawing and the rye grass pollen season. However, when examined
both during and not during spring, the percentages of CD4 " tet-
ramer-positive cells in high and lower responders were equivalent
regardless of the season (Fig. 4C). Interestingly, the poorest re-
sponder allergic individual (A-3) had the highest percentage of
CD47/CD19™ among all subjects tested, suggesting a preferential
expansion of CD8" T cells (data not shown). The increase in the
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FIGURE 6. PBMC proliferation in response to rye grass peptide 13 and
purified Lol p 1 protein. Freshly isolated PBMCs from DRB1#0401 rye
grass-allergic (A) and intermediate allergic (I) individuals or nonallergic
individuals (NA) were stimulated with p13 peptide (10 pg/ml; A) or pu-
rified Lol p 1 protein (100 pug/ml; B) for 6 days and restimulated for 3 days.
Radioactive [*H]thymidine was added 16 h before completion of the third
day of restimulation. Results are expressed as the mean = SD of triplicate
determinations.

percentage of CD4 " rye grass tetramer-positive cells above that in
the control tetramer was statistically significant (p < 0.01) in cul-
tures from allergic subjects. One intermediate allergic individual
(negative for rye grass-specific IgE) also showed an increased
percentage of CD4™ rye grass tetramer-positive cells above that
of the control tetramer. In contrast, nonallergic individuals
showed no increase in CD4" rye grass tetramer-positive cells
compared with the control tetramer (p > 0.05). As in allergic sub-
jects, nonallergic subjects tested during and not during the pollen sea-
son gave equivalent results (Fig. 4C). Importantly, the percentage of
CD4™ rye grass tetramer-positive cells in cultures from allergic sub-
jects was higher than that in cell cultures from nonallergic subjects
(p <0.01).

Similar results were observed with cultures stimulated with
purified Lol p 1 protein (Fig. 4B). Allergic subjects showed a
significant increase in the percentage of CD4™ rye grass tet-
ramer-positive cells above that of control tetramer (p < 0.02),
whereas nonallergic subjects did not show such an increase
(p > 0.05). The increase in the percentage of CD4™ rye grass
tetramer-positive cells in allergic individuals was much greater
than that of cells from nonallergic subjects (p < 0.05). The
percentage of control tetramer-positive cells was similar in all
groups (p > 0.05).

Given the absence of rye grass-positive cells in nonallergic
individuals, we investigated whether addition of IL-2 could pro-
mote the expansion of rye grass tetramer-positive cells from
nonallergic individuals. Fig. 5 shows that addition of IL-2 dur-
ing the 3-day restimulation induced expansion of the CD4™" rye
grass tetramer-positive population in cells from the allergic indi-
vidual, but had no effect on cells from the nonallergic individual.
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FIGURE 7. Cytokine production in CD4" rye grass p13 tetramer-pos-
itive T cells. Freshly isolated PBMCs from a DRB1#0401 rye grass-aller-
gic (A-1) were stimulated with p13 peptide (10 pwg/ml) for 6 days. On day
6, nonadherent cells were collected and restimulated for 3 days, Cells were
assayed with rye grass tetramer and for intracellular synthesis of IL-4 (A)
and IFN-vy (B) after stimulation with PMA and ionomycin. For flow anal-
ysis, tetramer-positive cells were confined in a large lymphocyte popula-
tion (defined by forward and side light scattering). Negative quadrants were
defined using the respective isotype controls for each cytokine.

Addition of IL-2 had no effect on the percentage of cells positive
for control tetramer in both allergic and nonallergic individuals.

Proliferative responses of PBMC to peptide and purified Lol p 1

To investigate the proliferative responses of PBMC to peptide 13
and purified Lol p 1, we performed [*H]thymidine incorporation
assays after the 3-day restimulation (Fig. 6). Proliferative re-
sponses to both peptide 13 and Lol p I were observed in cell
cultures from all allergic individuals tested. Cells from only one
intermediate individual were tested with peptide 13, and prolifer-
ation was also observed. In contrast, only one of five cell cultures
from nonallergic individuals proliferated in response to peptide 13
(Fig. 6A). Interestingly, cell cultures from all nonallergic individ-
uals tested showed strong proliferative responses to Lol p 1 at
levels similar to those in the allergic individuals, indicating that the
rye grass nonallergic individuals were sufficiently exposed to rye
grass pollen and had rye grass-specific memory T cells (Fig. 6B).

Cytokine profile of CD4™ rye grass tetramer-positive cells

To examine the cytokine profile of CD4™ tetramer-positive cells,
we combined tetramer staining with intracellular cytokine staining.
After the 3-day restimulation, cells were initially labeled with the
tetramer, then stimulated with PMA/ionomycin. A difficulty in this
type of experiment is to balance the decrease in tetramer staining
that occurs after stimulation with PMA/ionomycin to induce cy-
tokine production (due to TCR down-modulation) and the low
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level of cytokine production if PMA/ionomycin is not used. Cy-
tokine production was not detectable in the absence of PMA/iono-
mycin stimulation. Two individuals had a detectable number of rye
grass tetramer-positive cells after PMA/ionomycin treatment, so
we could analyze cytokine responses. These individuals had pre-
viously showed some of the highest tetramer-positive responses
(Al and AG6; Fig. 4). Interestingly, we found that 87% of rye grass
tetramer-positive cells produced IL-4, whereas only 18% of tet-
ramer-positive cells produced IFN-y for A-1 (Fig. 7). Similarly,
for A6, 81% of tetramer-positive cells produced IL-4, and 37%,
produced IFN-y (data not shown). We did not detect IL-10-pro-
ducing, rye grass tetramer-positive cells in any of the subjects.

We also analyzed cytokine production of IL-4, IFN-v, and IL-10
from total lymphocytes to peptide 13 without a tetramer gate (Fig.
8). As expected, IL-4-producing cells were observed only in cell
cultures from allergic individuals, together with IFN-vy-producing
cells, but IL-10-producing cells were observed in only one allergic
individual (A-2). Cells from one intermediate subject produced
only IFN-vy and no detectable IL-4 or IL-10. In cultures from non-
allergic individuals, production of IFN-y was observed in cells
from only one subject (NA-4); cells from this individual also
showed a proliferative response to the peptide. No IL-4- or IL-10-
producing cells were found in culture of cells from nonallergic
individuals.

Discussion
In this article, we demonstrated for the first time that allergen-
specific CD4™ T cells can be identified using class II MHC tet-
ramers in rye grass-allergic individuals. First, we identified the
major antigenic epitope of rye grass allergen Lol pl in HLA-
DRB1#0401 individuals using HLA-DR*0401 transgenic mice
and peripheral blood T cells from HLA-DR*0401 individuals. Us-
ing DR*0401 tetramers loaded with this peptide, we found that rye
grass-allergic individuals consistently exhibited detectable num-
bers of CD4™ rye grass tetramer-positive cells in peripheral blood
after ex vivo expansion with allergen. In contrast, cultures of non-
allergic individuals stimulated with rye grass peptide or with the
purified Lol p I protein contained few or no CD4" rye grass tet-
ramer-positive cells. Interestingly, individuals who were not aller-
gic to rye grass, but had measurable IgE responses to other aller-
gens, exhibited CD4" rye grass tetramer-positive cells after
expansion, although at levels lower than in rye grass-allergic in-
dividuals, demonstrating the presence of allergen-specific cells in
these individuals despite undetectable levels of serum rye
grass-specific IgE.

The rye grass tetramer-positive cells that we identified in aller-
gic individuals produced IL-4, but little IFN-+y. This definitively
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FIGURE 8. Percentage of cytokine producing cells without a tetramer gate in PBMC from single individuals after cell culture with peptide 13. Freshly
isolated PBMCs from DRB1#0401 rye grass-allergic (A; A), intermediate allergic (I; B), and nonallergic (NA; C) individuals were stimulated with p13
peptide (10 wg/ml) for 6 days and restimulated for 3 days. Cells were assayed by flow cytometry for intracellular synthesis of IL-4, IFN-vy, and IL-10 after
stimulation with PMA plus ionomycin. Results are expressed as the percentage of cytokine production from both CD4" and CD4 "~ cells due to CD4

down-regulation after PMA/ionomycin stimulation.
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demonstrated that CD4 ™" T cells specific for the immunodominant
peptide of rye grass allergen expressed a Th2 cytokine profile,
suggesting a role for such cells in the induction and amplification
of allergic inflammatory responses. Unfortunately, we did not iso-
late sufficient numbers of cells from the intermediate allergic in-
dividuals to examine the cytokine profile of these rye grass-spe-
cific T cells. Such rye grass-specific cells from the intermediate
allergic individuals might produce suppressive cytokines, such as
IL-10, but not IL-4. These rye grass-specific, non-Th2 cells might
suppress the production of rye grass-specific IgE in these individ-
uals and perhaps protect against the development of symptoms in
response to rye grass allergen challenge.

Our data demonstrating that nonallergic individuals have unde-
tectable numbers of T cells that recognize the immunodominant
rye grass peptide are important because they provides clues re-
garding the mechanisms by which nonallergic individuals remain
tolerant to allergens. Our results are similar to those reported by
Seneviratne et al. (14), who showed, using a class I MHC tetramer,
that a high frequency of Der p I-specific CD8* T cells was present
in allergic individuals, but not in nonallergic individuals. The low
frequency of rye grass tetramer-positive cells in nonallergic indi-
viduals in our study suggests several possible mechanisms. First,
Ag-specific CD8 ™, rather than CD4 ¥, cells might predominate and
proliferate in nonallergic individuals. This possibility is unlikely,
because we did not notice an expansion of CD37CD4 ™ cells in
cultures from nonallergic subjects, although CD19™ cells appeared
to increase in number in these cultures. Indeed, we observed a
positive correlation between the percentage of CD19" cells and
the proliferative response in nonallergic (» = 0.8), but not allergic,
individuals, suggesting that B cells might be responsible in part for
the vigorous proliferative response to Lol p I protein in nonallergic
individuals (Fig. 6B). A second possibility is that the rye grass
tetramer-positive cells in rye grass nonallergic individuals might
be anergic and/or deleted and cannot expand ex vivo to a fre-
quency that is detectable using the available tetramer technology.
The addition of IL-2 to the rye grass peptide cultures did not reveal
rye grass tetramer-positive cells in the peripheral blood of nonal-
lergic individuals, suggesting that anergic T cells are not present in
nonallergic individuals. Nevertheless, we cannot fully eliminate
the possibility that rye grass tetramer-positive cells proliferate and
expand poorly ex vivo and/or that they are deleted from and there-
fore are undetectable in nonallergic individuals.

A third possible reason for the low frequency of rye grass tet-
ramer-positive cells in nonallergic individuals is that HLA-DR4
rye grass nonallergic individuals may use a DR4 immunodominant
peptide of rye grass Ag distinct from that used by allergic indi-
viduals. However, because the selection of immunodominant Lol p
1 peptides for HLA-DR4 is primarily determined by the binding
affinity of the peptide for HLA-DR4, and because we identified the
immunodominant Lol p I peptide using HLA-DR4 transgenic
mice, it is likely that the Lol p 1 DR4 peptide we identified is
indeed immunodominant in humans and important in both allergic
and nonallergic individuals. This would be consistent with several
studies that analyzed the specificities of allergen-specific T cell
clones and showed that allergic and nonallergic individuals recog-
nize the same allergenic epitopes, for example, of Bet v 1 (18) and
Fel d 1 (19). Nevertheless, because the IgE Ab response to Lol p
1 has been shown to be associated with HLA-DR3 (20), it is pos-
sible that allergic and nonallergic individuals use distinct HLA-DR
molecules as well as distinct Ag peptides in responding to Lol p 1.
Additional studies with other HLA-DR tetramers, therefore, are
necessary to resolve this issue.

A study by Akdis et al. (7), using a very different approach,
showed that allergen-specific/activated cells producing IL-10

could be identified in the blood of both allergic and nonallergic
individuals. In their study, cells isolated and expanded from pe-
ripheral blood from allergic and nonallergic individuals produced
IL-4, IFN-v, or IL-10, as analyzed with a cytokine secretion assay
(Miltenyi Biotec). IL-4 production distinguished the T cells of al-
lergic individuals from those of nonallergic individuals, whereas
IL-10 production with inhibitory function was observed in T cells
from nonallergic individuals. However, the IL-10-producing cells
had many features of CD25 ™ natural regulatory T cells (expression
of CTLA-4, TGF-BRI and -II, and activity dependent on either
IL-10 or TGF-p), rather than adaptive Ag-specific regulatory T
cells, although the expression of Forkhead/winged helix transcrip-
tion factor was not assessed. In contrast, in another study, exam-
ination of cells from a large population of allergic and nonallergic
individuals indicated that allergen-responsive cells have a very
wide spectrum of cytokine profiles, and that the human population
is extremely heterogeneous (21). Because whole protein Ags were
used in both of these studies, there was no assessment of immu-
nodominant peptide use. Furthermore, allergen specificity of the
analyzed cells was assumed, because the cells developed in cul-
tures responding to allergen stimulation, but it is possible that a
number of responding cells, including the IL-10-producing regu-
latory T cells, were Ag nonspecific. This possibility is consistent
with our finding (Fig. 8) that IFN-+y production is very prominent
in supernatants from cultures of total cells, but is modest as as-
sessed by intracellular cytokine staining of rye grass tetramer-pos-
itive cells.

In summary, we demonstrated that in allergic individuals, class
II MHC tetramer technology provides a method to identify aller-
gen-specific cells in conjunction with assessment of their cytokine
profile. HLA-DRB1*0401 rye grass-allergic individuals exhibited
CD4™" cells that bound HLA-DR4 tetramers loaded with the im-
munodominant rye grass peptide, and these T cells produced pre-
dominantly IL-4. In contrast, HLA-DR4 nonallergic individuals
exhibited a very low frequency of such tetramer-specific cells even
after ex vivo allergen stimulation and cell expansion. This result
suggests that the response in nonallergic individuals is fundamen-
tally different from that in allergic individuals, and that allergen-
specific cells are present at very low frequency or are deleted or
anergic in nonallergic individuals. Alternatively, allergen-specific
cells in nonallergic individuals may respond to allergen epitopes
distinct from those recognized by T cells in allergic individuals.
Additional study of allergen epitopes in the context of defined
class II specificities and the use of class II tetramers is required to
fully understand the nature of the nonallergic phenotype. Never-
theless, the use of class II tetramers to identify allergen-specific
cells opens a new avenue in allergy research and should contribute
to better definition of the cells involved in the allergic inflamma-
tory response.
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