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Increased allergen concentration enhances IFN-c production

by allergic donor T cells expressing a peripheral tissue trafficking

phenotype

Conventional aeroallergen specific immunotherapy (SIT)
involves incremental administration of allergen extract to
induce clinical tolerance and modify the natural course of
the disease (1). During clinically successful SIT, T cell
responses are modified, with deviation from IL-4, IL-5
cytokine production to IFN-c predominant (2–4). The
mechanisms for these cytokine changes include immune
deviation (2–4), T cell anergy (2–4), induction of T
regulatory cells (5, 6), and enhanced allergen-induced
apoptosis (7). There are also increased IFN-c+ cell
numbers at sites of allergen challenge (8–10), but it is not
clear whether SIT promotes trafficking of circulating
IFN-c+ T cells to peripheral tissues.
Trafficking of T cells from the circulation into tissues

is dependent on interactions between T cell-expressed
adhesion molecules and ligands on endothelial cells.
Naı̈ve T cells gain access to lymph nodes by l-selectin
(CD62L) binding to sulphated carbohydrates on CD34,
a vascular addressin expressed by high endothelial

venules. Upon entry to the lymph node and after
antigen activation, T cells shed CD62L and upregulate
expression of lymphocyte function-associated antigen-1
(LFA-1) and very late activation antigen-4 (CD49d)
(11). CD49d and LFA-1 bind to vascular cell adhesion
molecule-1 (VCAM-1) and intracellular adhesion mole-
cule-1 (ICAM-1), respectively, on activated peripheral
vascular endothelium. This change in adhesion molecule
expression is associated with reduced recirculation
through lymphoid tissue and increased movement into
peripheral tissues (11). Differences in chemokine receptor
expression by Th1- and Th2-type cells may result in
differential recruitment of these subsets to sites of
inflammation (12). A subset of Th2-type cells expresses
CCR3 which binds eotaxin, MCP-3,4 and RANTES
(13, 14), whereas expression of CCR5, which binds
MIP-1a, MIP-1b and RANTES, is largely on Th1-type
cells (15), although expression by Th2-type cells has been
reported (13).
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proportions of �peripheral tissue trafficking� CD4+ T cells expressing IL-4 were
decreased in cultures stimulated with high in comparison with low allergen
concentration.
Conclusion: These results indicate the importance of achieving high allergen
doses during immunotherapy to promote IFN-c production and expression of a
�peripheral tissue trafficking� phenotype by allergen-specific CD4+ and CD8+
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Aeroallergen SIT is associated with administration of
considerably higher allergen concentrations than encoun-
tered naturally (16, 17). To further elucidatemechanisms of
SIT, we previously analysed the effect of allergen concen-
tration on T cell responses by flow cytometry and found
preferential expansion of IFN-c-producing T cells at high
allergen concentration in comparison with low (18). This
observation is consistent with thewell-recognized influence
of antigen concentration on Th cell differentiation (19, 20).
The current study determined whether repeated stimula-
tion of peripheral blood mononuclear cells (PBMC) with
high allergen concentration could differentially alter
expression of surface molecules that influence trafficking
to peripheral tissues by allergen-specific Th1- andTh2-type
cells. As T cells expressing low levels of CD62L or high
levels of CD49d would represent peripheral tissue traffick-
ing T cells, the cytokine profile of allergen-activated T cells
expressing these markers was analysed. Additionally
expression of CCR3 and CCR5 was examined, as ligands
for these receptors (eotaxin, RANTES and MIP-1a) are
reportedly increased in bronchoalveolar lavage fluid from
atopic asthmatics after allergen challenge (21).

Methods

Antigen

Freeze-dried house dust mite (HDM), Dermatophagoides pteronys-
sinus, kindly provided by Allergy Therapeutics Limited (Worthing,
West Sussex, UK), was prepared as a sterilized aqueous extract in
PBS (1 mg HDM/1 ml PBS). Endotoxin levels in the extract were
undetectable (<3 U/ml; QCL-1000TM endotoxin detection kit,
BioWhittaker, Walkerville, MD). Mitogenicity of the extract was
excluded by culturing with oligoclonal latex-reactive T cells, and
toxicity was excluded by culture with latex-reactive T cells and IL-2
(data not shown). The HDM extract did not induce increased IFN-c
production by latex-reactive T cells (data not shown).

Study population

Peripheral blood was taken from 10 HDM-allergic donors (six
females, fourmales;mean age 36 years) attending theAlfredHospital
Allergy Clinic, Melbourne, Australia with Alfred Hospital Ethics
Committee approval and written informed consent obtained from
each patient. Donors were selected on the basis of a history of clinical
symptoms of HDM allergy and positive HDM-specific IgE as deter-
mined by skin prick test (wheal>6 mm) and/or Kallestad Allercoat
EAST (Sanofi-Pasteur Diagnostics, Chaska, MN; score>2).

Allergen-stimulated PBMC cultures

PBMC separated by density gradient centrifugation on Ficoll Paque
(Amersham Pharmacia, Uppsala, Sweden) were cultured in 24-well
plates (2.5 · 106/well; Greiner, Frickenhausen, Germany) in com-
plete medium (RPMI 1640 medium with 2 mmol/l l-glutamine,
100 IU/ml penicillin/streptomycin, Gibco Invitrogen, Auckland,
NZ, and 5% screened, heat-inactivated human AB+ serum, Sigma,
St Louis, MO) with HDM extract (1, 10 or 100 lg/ml) in a final
volume of 2 ml/well for 7 days at 37�C, 5% CO2. A �no allergen�
control was not used due to cell death after several days of

culture without antigen stimulation. On day 7 of culture, cells
(1 · 106 cells/ml) were restimulated with HDM extract (1, 10
or 100 lg/ml) and irradiated (3000 rads) autologous PBMC
(1 · 106/ml) as a source of antigen presenting cells in a final volume
of 2 ml/well. Recombinant human IL-2 (rIL-2; 25 U/ml; Cetus
Corporation, Emeryville, CA, USA) was added on day 8 of culture,
and on day 11 of culture 1 ml of culture medium was removed and
replaced with fresh medium and rIL-2 (25 U/ml). The viability of
cultures at 14 days was >90%. For cultures from two donors,
insufficient cells were generated to perform all analyses.

Monoclonal antibodies and cell staining

All antibodies for flow cytometry were purchased from Pharmingen
(San Diego, CA). T cell subset staining was performed using anti-
human CD4-Allophycocyanin (APC) or anti-human CD4-Cy-
Chrome and anti-human CD8-Fluorescein (FITC) or anti-human
CD8-Cy-Chrome. IgG1,j-FITC, IgG1,j-Cy-Chrome and IgG1,j-
APC served as isotype-specific controls. The expression of surface
�trafficking�markersbyTcellswasanalysedusinganti-humanCD62L-
FITC, anti-human CD49d-Cy-Chrome, anti-human CCR3-FITC
and anti-human CCR5-FITC. IgG1,j-FITC, IgG1,j-Cy-Chrome,
IgG2a,j-FITC and IgG2a,j-FITC served as isotype-specific controls.
Anti-human IL-4-Phycoerythrin (PE) and anti-human IFN-c-APC
were used to analyse intracellular cytokines with IgG1,j-PE and
IgG1,j-APC as isotype-specific controls.

Cell surface marker analysis

On day 14, cultured cells were labelled with anti-CD4 and anti-CD8
antibodies or isotype-specific controls, washed and then labelled
with anti-CD62L, anti-CD49d, anti-CCR3 and anti-CCR5 anti-
bodies or isotype-specific controls. Percentages of CD4+ and CD8+

T cells expressing low levels of CD62L, high levels of CD49d, CCR3
or CCR5 were determined using a FACScaliber flow cytometer (BD
Biosciences, San Jose, CA) and Cellquest software. The threshold
for positive staining was taken as the point at which the test and
isotype histograms crossed. Background values from the isotype
control histograms were then subtracted. Absolute numbers of cell
subsets in 14-day cultures were also calculated.

Intracellular cytokine staining

On day 14, cultured cells were stimulated (2.5 · 105 cells/well) in
96-well U bottom plates with immobilized anti-CD3 (OKT3;
10 lg/ml) and rIL-2 (100 U/ml) in the presence of 10 lg/ml Bre-
feldin A (Sigma) for 6 h at 37�C. Cells were surface stained as
before, fixed in 4% paraformaldehyde/PBS and permeabilized using
FACS permeabilizing solution (BD Biosciences). After washing,
cells were double stained with anti-IL-4 and anti-IFN-c antibodies
or isotype-specific controls. Percentages of CD62Llo, CD49dhi,
CCR3+ or CCR5+ T cells expressing IL-4 or IFN-c were deter-
mined by flow cytometry. Absolute numbers of cell subsets in
14-day cultures were also calculated.

Statistics

Data were well approximated by a log-normal distribution and
normalized via log-transformation prior to analysis. Statistical
analysis was performed using Repeated Measures anova with a
Bonferroni adjustment for multiple comparisons. A two-sided
P-value of 0.05 was considered statistically significant. Analysis was
performed using InStat 2.0 software.
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Figure 1. The effect of allergen concentration on CD4+ and CD8+ T cell expression of CD62L and CD49d. PBMC from eight HDM-
allergic donors cultured with HDM extract (1, 10 and 100 lg/ml) for 14 days were harvested and stained with either anti-CD4 or anti-
CD8 antibodies and then anti-CD62L or anti-CD49d antibodies (solid lines) or isotype controls (dotted lines) and analysed by flow
cytometry. Representative profiles of CD62L (A) and CD49d (B) expression by CD4+ and CD8+ T cells from HDM-stimulated
cultures of one HDM-allergic donor are shown. (C) The proportions of CD4+ T cells that expressed low levels of CD62L were greater
in the 10 lg/ml (P < 0.05) and 100 lg/ml (P < 0.01) HDM extract-stimulated cultures in comparison to 1 lg/ml. There were greater
proportions of CD8+ T cells that expressed low levels of CD62L in the 100 lg/ml HDM-extract stimulated cultures in comparison to
the 1 and 10 lg/ml HDM-extract stimulated cultures (P < 0.05). (D) Greater proportions of CD8+ T cells expressing high levels of
CD49d were observed in the 100 lg/ml HDM extract-stimulated cultures in comparison with 1 lg/ml (P < 0.01) and 10 lg/ml
(P < 0.05). In the graphs in (C) and (D) each symbol represents one HDM-allergic donor and the bars represent the median values.

Gardner et al.
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Results

T cell expression of CD62L and CD49d

Pilot experiments revealed that approximately 10% of
PBMC T cells expressed low levels of CD62L and 20%
expressed high levels of CD49d (data not shown). To
determine dose-dependent effects of repeated stimulation
with allergen on expression of these markers, HDM-
allergic donor PBMC were cultured for 14 days with
different HDM extract concentrations. Representative
profiles of CD62L and CD49d expression for one HDM-
allergic donor are shown in Fig. 1A, B. Analysis of eight
donors revealed greater proportions of CD62Llo CD4+

(P < 0.01) and CD8+ (P < 0.05) T cells in the
100 lg/ml HDM extract-stimulated cultures in compar-
ison with 1 lg/ml (Fig. 1C). However CD4+ CD62Llo

and CD8+ CD62Llo T cell numbers did not differ
significantly between cultures (Table 1). There were no
significant differences in the proportions and numbers of
CD4+ T cells expressing high levels of CD49d between
cultures stimulated with different allergen concentrations.
In contrast, greater proportions and numbers of CD8+

T cells expressing high levels of CD49d in cultures
stimulated with 100 lg/ml HDM extract in comparison
with 1 lg/ml (% P < 0.01; number P < 0.05) and
10 lg/ml (P < 0.05) were detected.

T cell expression of CCR3 and CCR5

Expression of CCR3 and CCR5 by CD4+ and CD8+

T cells in 14-day cultures stimulated with either 1, 10
or 100 lg/ml HDM extract was also examined to
determine dose-dependent changes in chemokine recep-
tor expression by T cells. Pilot experiments revealed
that approximately 1% of PBMC T cells were CCR3+

and 10% were CCR5+ (data not shown). Representa-
tive profiles of CCR3 and CCR5 expression by CD4+

and CD8+ T cells in allergen-stimulated cultures of
PBMC from one HDM-allergic donor are shown in
Fig. 2A, B. Analysis of CCR3 revealed very low
expression by a minor subset of T cells from most
donors. No significant differences in the proportions or
numbers of CD4+ and CD8+ T cells expressing CCR3
or CCR5 between cultures stimulated with different

concentrations ofHDMextractwere observed (Fig. 2C,D;
Table 1).

Increased numbers of IFN-c-producing CD4+ CD62Llo and CD4+

CD49dhi T cells at high allergen concentration

To determine if repeated stimulation with different
allergen concentrations could lead to alterations in the
cytokine phenotype of peripheral tissue trafficking T cells,
T cells expressing low levels of CD62L or high levels of
CD49d in HDM-stimulated cultures were analysed for
intracellular cytokines at day 14. Representative profiles
of IL-4 vs IFN-c for CD4+ and CD8+ T cells expressing
either low levels of CD62L or high levels of CD49d in
HDM-stimulated cultures for one HDM-allergic donor
are shown in Fig. 3A, B. Analysis of 10 donors revealed
greater proportions and numbers of CD4+ CD62Llo

T cells expressing IFN-c in cultures stimulated with
100 lg/ml HDM extract in comparison with 1 (P < 0.01;
Fig. 3C, Table 2). In contrast, lower proportions of
CD4+ CD62Llo T cells expressing IL-4 were observed
in cultures stimulated with 100 lg/ml HDM extract in
comparison with 1 lg/ml (P < 0.01; Fig. 3C). No chan-
ges in CD4+ CD62Llo IL-4+ T cell numbers were
observed between cultures (Table 2). Although the
proportions of IFN-c or IL-4 positive CD8+ CD62Llo

T cells did not differ between cultures stimulated with
different allergen concentrations (Fig. 3D), there were
significantly greater numbers of CD8+ CD62Llo IFN-c+

T cells in cultures stimulated with 100 lg/ml HDM
extract in comparison with 1 lg/ml (P < 0.05), with no
change in CD8+ CD62Llo IL-4+ T cell number (Table 2).

Significantly greater proportions and numbers of
CD4+ CD49dhi T cells expressing IFN-c were observed
in cultures stimulated with 100 lg/ml HDM extract in
comparison with 1 lg/ml (P < 0.01; Fig. 3E, Table 2).
In contrast, significantly lower proportions of CD4+

CD49dhi T cells expressing IL-4 were observed in cultures
stimulated with 100 lg/ml HDM extract in comparison
with 1 lg/ml (P < 0.05), although the CD4+ CD49dhi

IL-4+ T cell numbers did not differ between cultures
(Table 2). While proportions of CD8+ CD49dhi T cells
expressing IFN-c or IL-4 were unaffected by culture with
different allergen concentrations (Fig. 3F), there were

Table 1. Median number and ranges in parentheses of T cells expressing low levels of CD62L, high levels of CD49d, CCR3 or CCR5 in HDM-allergic donor PBMC cultures
(n ¼ 8) stimulated for 14 days with 1, 10 or 100 lg/ml HDM extract

HDM extract (lg/ml)

CD4+ T cells (·10)5) CD8+ T cells (·10)5)

1 10 100 1 10 100

CD62Llo 18.4 (6.7–47.2) 60.3 (16.5–83.9) 50.1 (7.0–142.4) 4.2 (0.8–39.6) 9.5 (2.7–59.0) 7.7 (1.7–76.6)
CD49dhi 60.3 (8.7–151.8) 111.3 (39.8–171.1) 103.5 (19.4–213.6) 3.6 (0.7–62.5) 14.6 (2.8–95.8) 26.7 (3.9–88.5)*,**
CCR3+ 3.3 (0.1–28.2) 4.5 (0.1–39.4) 2.6 (0.1–37.7) 0.1 (0.1–3.7) 0.3 (0.1–1.2) 0.8 (0.1–5.2)
CCR5+ 25 (0.1–40.6) 16.1 (0.1–85.0) 6.9 (0.1–81.3) 3.3 (0.2–32.2) 9.6 (2.2–49.9) 14.4 (1.2–82.1)

* P < 0.05 between 1 and 100 lg/ml HDM extract; ** P < 0.05 between 10 and 100 lg/ml HDM extract.
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Figure 2. The effect of allergen concentration on CD4+ and CD8+ T cell expression of CCR3 and CCR5. PBMC from eight HDM-
allergic donors cultured with HDM extract (1, 10 and 100 lg/ml) for 14 days were harvested and stained with either anti-CD4 or anti-
CD8 antibodies and then anti-CCR3 or anti-CCR5 antibodies (solid lines) or isotype controls (dotted lines) and analysed by flow
cytometry. Representative profiles of CCR3 (A) and CCR5 (B) expression by CD4+ and CD8+ T cells from HDM-stimulated cultures
of one HDM-allergic donor are shown. (C) The proportions of CD4+ and CD8+ T cells that were CCR3+ did not differ between
cultures stimulated with different concentrations of allergen. (D) There was a trend for decreased proportions of CD4+ T cells
expressing CCR5 (P ¼ 0.09) and increased proportions of CD8+ T cells expressing CCR5 (P ¼ 0.1) in the 100 lg/ml HDM extract-
stimulated cultures in comparison with 1 lg/ml however statistical significance was not reached. In the graphs in (C) and (D) each
symbol represents one HDM-allergic donor and the bars represent the median values.

Gardner et al.
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significantly greater numbers of CD8+ CD49dhi IFN-c+

T cells in cultures stimulated with 100 lg/ml HDM
extract in comparison with 1 lg/ml (P < 0.01), with no
change in CD8+ CD49dhi IL-4+ T cell number (Table 2).

Increased numbers of IFN-c-producing CD4+ CCR5+ T cells at high
allergen concentration

The effect of repeated stimulation with different allergen
concentrations on the cytokine profiles of T cells expres-
sing CCR3 and CCR5 chemokine receptors was analysed
on 14-day HDM-stimulated cultures. After the 6-h anti-
CD3 stimulation required for the detection of intracellu-
lar cytokines, CCR3 expression was down-regulated such
that CCR3 staining intensity was equal to or less than the
isotype control (data not shown). Thus the cytokine
phenotype of CD4+ CCR3+ and CD8+ CCR3+ T cells
was not determined. CCR5 expression was not affected in
this way; representative intracellular IL-4 and IFN-c
profiles for CCR5+ T cells of one HDM-allergic donor
shown in Fig. 4A. Although only a subset of CD4+

T cells expressed low levels of CCR5, significantly greater
proportions (P < 0.001; Fig. 4B) and numbers
(P < 0.05) of CD4+ CCR5+ T cells expressed IFN-c
in cultures stimulated with 100 lg/ml HDM extract in
comparison with 1 lg/ml (Table 2). In contrast,

significantly lower proportions (P < 0.01) and numbers
(P < 0.05) of CD4+ CCR5+ T cells expressing IL-4
were observed in cultures stimulated with 100 lg/ml
HDM extract in comparison with 1 lg/ml. Although
proportions of IFN-c or IL-4 positive CD8+ CCR5+

T cells were unaffected by culture with different allergen
concentrations (Fig. 4C), there were significantly greater
numbers of CD8+ CCR5+ IFN-c+ T cells in cultures
stimulated with 100 lg/ml HDM extract in comparison
with 1 lg/ml (P < 0.05; Table 2). No changes in CD8+

CCR5+ IL-4+ T cell numbers were observed between
cultures.

Discussion

In subjects with allergic rhinitis, increased CD4+ T cell
numbers (22) with local T cell expression of IL-4 and IL-5
are a feature of nasal late-phase responses to allergens
(23–26). During clinically successful SIT, IFN-c+ cell
numbers increase at sites of allergen challenge (8–10).
Since IFN-c can inhibit IL-4-induced expression of the
germline epsilon transcript in human B cells and conse-
quently prevent IgE production (27), this mechanism
could explain the observed reduction in IgE-mediated
inflammatory cell activation and decreased local allergic
inflammation following SIT (8). Here we demonstrate
that culturing HDM-allergic donor PBMC for 14 days
with high allergen concentration in comparison with low
results in increased numbers of �peripheral tissue traffick-
ing� T cells expressing IFN-c. Our results suggest that
allergen concentration may be a key factor in promoting
SIT-induced alterations in the cytokine phenotype of
T cells trafficking to peripheral sites of allergen encounter.

In our study, altered cytokine production by �periph-
eral tissue trafficking� T cells was consistently observed at
an allergen concentration greater than 10 lg/ml. Relating
the allergen concentration in in vitro cultures to that
delivered to T cells in vivo during SIT is difficult. However
allergen doses administered for SIT (approximately
10 lg/ml) would be substantially higher than the pg/l
air concentrations estimated to be encountered naturally
(16, 17). Hence, we focussed on analysing T cell responses
upon stimulation with 1–100 lg/ml HDM. Unfortu-
nately, analysis of T cell responses at allergen concentra-
tions lower than 1 lg/ml could not be undertaken
because T cell survival in these lower concentration
cultures could not be maintained. Nevertheless, our
results argue strongly for improved efficacy of SIT using
high doses of allergen.

By examining the cytokine profiles of CD4+ and CD8+

T cells expressing low levels of CD62L or high levels of
CD49d, we observed cytokine skewing to IFN-c predom-
inant at high allergen concentration. In agreement with
our results, Pacheco and colleagues observed CD49d up-
regulation on human T cells after allergen stimulation
in vitro (28) and animal models have confirmed the

Figure 3. Cytokine profile of CD4+ and CD8+ T cells expres-
sing either low levels of CD62L or high levels of CD49d in
cultures stimulated with different allergen concentrations.
PBMC from 10 HDM-allergic donors cultured with HDM
extract (1, 10 and 100 lg/ml) for 14 days were harvested and
stimulated with anti-CD3/IL-2 in the presence of Brefeldin A
for 6 h. Cells were analysed by flow cytometry following label-
ling with anti-CD4, anti-CD8, anti-CD62L, anti-CD49d, anti-
IL-4 and anti-IFN-c antibodies. Representative profiles of IL-4
and IFN-c expression by CD4+ CD62Llo and CD8+ CD62Llo

T cells (A) and CD4+ CD49dhi and CD8+ CD49dhi T cells (B)
in HDM-stimulated cultures for one HDM-allergic donor are
shown. (C) Proportions of CD4+ CD62Llo T cells expressing
IFN-c were greater in cultures stimulated with 100 lg/ml HDM
extract in comparison with 1 and 10 lg/ml (P < 0.01). Pro-
portions of CD4+ CD62Llo T cells expressing IL-4 were lower
in the 100 lg/ml HDM extract-stimulated cultures in compar-
ison with 1 lg/ml (P < 0.01). (D) Proportions of CD8+

CD62Llo T cells that were expressing either IFN-c or IL-4 did
not differ between cultures stimulated with different concentra-
tions of allergen. (E) Proportions of CD4+ CD49dhi T cells
expressing IFN-c were greater in cultures stimulated with
100 lg/ml HDM extract in comparison with 1 lg/ml
(P < 0.01) and 10 lg/ml (P < 0.05). Proportions of CD4+

CD49dhi T cells expressing IL-4 were lower in the 100 lg/ml
HDM extract-stimulated cultures in comparison with 1 lg/ml
(P < 0.05). (F) Proportions of CD8+ CD49dhi T cells expres-
sing either IFN-c or IL-4 did not differ between cultures sti-
mulated with different concentrations of allergen. In the graphs
in (B), (C), (E) and (F) each symbol represents one HDM-
allergic donor and the bars represent the median values.
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importance of CD49d in T cell migration into sites of
peripheral allergen challenge by in vivo blocking experi-
ments (29, 30). Hence high dose allergen administration

during SIT may induce a population of effector Th1-type
cells in the circulation that have lost CD62L required for
migration into lymphoid tissues but upregulated expres-

Table 2. Median number and ranges in parentheses of cytokine positive T cells expressing low levels of CD62L, high levels of CD49d or CCR5 in 14-day HDM extract (1, 10 or
100 lg/ml) stimulated cultures (n ¼ 10) after 6 h incubation with anti-CD3 and IL-2 in the presence of Brefeldin A

HDM extract (lg/ml)

CD4+ T cells (·10)5) CD8+ T cells (·10)5)

1 10 100 1 10 100

CD62Llo IFN-c+ 0.9 (0.2–4.1) 2.9 (0.3–4.6) 7.9** (1.2–17.8) 0.3 (0.1–2.4) 1.1 (0.1–2.6) 1.4* (01–11.2)
CD49Lhi IFN-c+ 0.4 (0.1–2.5 1.2 (0.1–3.9) 3.0** (0.1–26.2) 0.8 (0.1–3.1) 1.7 (0.1–3.5) 1.9** (0.5–32.9)
CCR5+ IFN-c+ 0.8 (0.1–3.9) 1.9 (0.4–5.6) 4.0* (0.5–12.7) 0.4 (0.1–7.2) 1.1 (0.1–9.8) 1.7* (0.1–18.1)
CD62Llo IL-4+ 3.5 (0.4–9.8) 4.1 (0.1–10.9) 1.7 (0.1–8.3) 0.1 (0.1–0.3) 0.1 (0.1–1.2) 0.1 (0.1–0.5)
CD49dhi IL-4+ 5.1 (1.9–25.5) 5.4 (1.8–50.1) 4.6 (0.3–55.1) 0.1 (0.1–0.1) 0.1 (0.1–3.5) 0.1 (0.1–0.1)
CCR5+ IL-4+ 3.9 (1.0–15.8) 3.2 (0.7–11.4) 1.7* (0.2–14.3) 0.1 (0.1–0.2) 0.1 (0.1–0.8) 0.1 (0.1–0.9)

* P < 0.05 and ** P < 0.01 between 1 and 100 lg/ml HDM extract.

Figure 4. Cytokine profile of CD4+ CCR5+ and CD8+ CCR5+ T cells in cultures stimulated with different allergen concentrations.
PBMC from 10 HDM-allergic donors cultured with HDM extract (1, 10 and 100 lg/ml) for 14 days were harvested and stimulated
with anti-CD3/IL-2 in the presence of Brefeldin A for 6 h. Cells were analysed by flow cytometry following labelling with anti-CD4,
anti-CD8, anti-CCR5, anti-IL-4 and anti-IFN-c antibodies. Representative profiles of IL-4 and IFN-c expression by CD4+ CCR5+

and CD8+ CCR5+ T cells (A) in HDM-stimulated cultures for one HDM-allergic donor are shown. (B) Proportions of CD4+

CCR5+ T cells expressing IFN-c were greater in cultures stimulated with 100 lg/ml HDM extract in comparison with 1 lg/ml
(P < 0.001) and 10 lg/ml (P < 0.01). Proportions of CD4+ CCR5+ T cells expressing IL-4 were lower in the 100 lg/ml HDM
extract-stimulated cultures in comparison with 1 lg/ml (P < 0.01). (C) Proportions of CD8+ CCR5+ T cells expressing either IFN-c
or IL-4 did not differ between cultures stimulated with different concentrations of allergen. In the graphs in (B) and (C) each symbol
represents one HDM-allergic donor and the bars represent the median values.
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sion of CD49d for binding to VCAM-1 on endothelial
cells thus enabling migration into peripheral tissues.
Expression of chemokine receptors by antigen-stimu-

lated T cells and the production of chemokines at sites of
inflammation mediate homing of activated T cells into
peripheral tissues. Allergen-specific T cell expression of
CCR3 was analysed in this study because production of
its ligand, eotaxin, is reported to be increased after
allergen challenge in bronchoalveolar lavage fluid of
atopic asthmatics (21). As CCR3 expression is upregu-
lated in the presence of IL-4 (31), we expected to observe
increased T cell expression of CCR3 due to allergen-
induced IL-4 production in HDM extract-stimulated
cultures. However CCR3 expression by allergen-stimula-
ted T cells was not altered and only very small propor-
tions of T cells expressed this marker. Thus we believe
that CCR3 plays only a limited role in determining the
T cell contribution to the cytokine milieu at peripheral
sites of allergen encounter. CCR5 was also examined in
this study. In contrast to previous findings that CCR5 is
expressed by only Th1 cells (15), but in agreement with
Sallusto and colleagues (13), CCR5 expression was
detected on IFN-c+ and IL-4+ T cells. As the chemokine
ligands for CCR5, i.e. RANTES and MIP1-a, are also
detected in the bronchoalveolar lavage fluid from atopic
asthmatics after allergen challenge (32), CCR5+ T cells
could potentially migrate via chemokine gradients into
lung tissue in asthmatics. This conclusion is supported by
the demonstration of CCR5 expression by a population
of resident T cells in the asthmatic lung (33). In our study,
at low allergen concentration increased numbers of
CD4+ CCR5+ T cells expressed IL-4 whereas at high
allergen concentration increased numbers of CD4+

CCR5+ T cells expressed IFN-c. Hence after high dose
allergen administration during SIT, CCR5 may be
playing an important role in homing CD4+ IFN-c+

T cells to sites of allergic inflammation. Recent studies
suggest other chemokine receptors may also be important
for trafficking of Th cells. For example, increased

numbers of CCR4 mRNA+ cells were found in atopic
asthmatic lungs following allergen challenge (34). Thus
several chemokines and chemokine receptors are likely to
be involved in T cell inflammation during an allergic
response and additional studies are required to determine
whether any could be potential targets for therapeutic
intervention.

Der p 1-specific CD8+ T cells have recently been
identified (35). We observed increased numbers of CD8+

IFN-c+ T cells with a �peripheral tissue trafficking�
phenotype at high HDM concentration. This was a
surprising observation since in the few studies that have
analysed changes in CD8+ T cell cytokine production
during SIT, CD8+ T cell populations were minor and
produced decreased or unchanged IFN-c (36, 37). How-
ever we have previously shown that expansion of CD8+

IFN-c+ T cells in allergen-stimulated cultures does occur
at sufficiently high doses (18). These results again
highlight the advantage of using high dose allergen
administration in SIT to achieve immune deviation in
peripheral tissues.

In conclusion, this study provides evidence that aller-
gen concentration can influence the production of IFN-c
and IL-4 by human T cells expressing adhesion molecules
and chemokine receptors required for peripheral T cell
trafficking. High allergen concentration promotes IFN-c
production by allergen-specific �peripheral tissue traffick-
ing� T cells. Thus the use of hypoallergenic allergen
preparations in SIT will lead to more effective treatment
by permitting high dose administration.

Acknowledgments

This work was funded by the Co-operative Research Centre for
Asthma, Australia and Alfred Hospital Research Trusts. We thank
Michael Bailey for his assistance with statistical analysis and Cathy
Fraser and Lorraine Baxter for collection of patient clinical data
and blood samples.

References

1. Bousquet J, Lockey RF, Malling HJ.
WHO Position Paper. Allergen immu-
notherapy: therapeutic vaccines for
allergic disease. Allergy 1998;53 (Suppl.):
1–42.

2. Ebner C, Siemann U, Bohle B et al.
Immunological changes during specific
immunotherapy of grass pollen allergy:
reduced lymphoproliferative responses
to allergen and shift from TH2 to TH1 in
T-cell clones specific for Phl p 1, a major
grass pollen allergen. Clin Exp Allergy
1997;27:1007–1015.

3. McHugh SM, Deighton J, Stewart
AG, Lachmann PJ, Ewan PW. Bee
venom immunotherapy induces a shift in
cytokine responses from a TH-2 to a
TH-1 dominant pattern: comparison of
rush and conventional immunotherapy.
Clin Exp Allergy 1995;25:828–838.

4. Eusebius NP, Papalia L, Suphioglu C
et al. Oligoclonal analysis of the atopic
T cell response to the group 1 allergen
of Cynodon dactylon (bermuda grass)
pollen: pre- and post-allergen-specific
immunotherapy. Int Arch Allergy
Immunol 2002;127:234–244.

5. Francis JN, Till SJ, Durham SR.
Induction of IL-10+CD4+CD25+

T cells by grass pollen immuno-
therapy. J Allergy Clin Immunol
2003;111:1255–1261.

6. JutelM, AkdisM, Budak F et al. IL-10
and TGF-beta cooperate in the regula-
tory T cell response to mucosal allergens
in normal immunity and specific immu-
notherapy. Eur J Immunol
2003;33:1205–1214.

Gardner et al.

1316



7. Guerra F, Carracedo J, Solana-Lara
R, Sanchez-Guijo P, Ramirez R. TH2
lymphocytes from atopic patients treated
with immunotherapy undergo rapid
apoptosis after culture with specific
allergens. J Allergy Clin Immunol
2001;107:647–653.

8. Durham SR, Ying S, Varney VA et al.
Grass pollen immunotherapy inhibits
allergen-induced infiltration of CD4+
T lymphocytes and eosinophils in the
nasal mucosa and increases the number
of cells expressing messenger RNA for
interferon-gamma. J Allergy Clin
Immunol 1996;97:1356–1365.

9. Wachholz PA, Nouri-Aria KT,
Wilson DR et al. Grass pollen immu-
notherapy for hayfever is associated
with increases in local nasal but not
peripheral Th1:Th2 cytokine ratios.
Immunology 2002;105:56–62.

10. Varney VA, Hamid QA, Gaga M et al.
Influence of grass pollen immunotherapy
on cellular infiltration and cytokine
mRNA expression during allergen-
induced late-phase cutaneous responses.
J Clin Invest 1993;92:644–651.

11. Hamann A, Klugewitz K, Austrup F,
Jablonski-Westrich D. Activation
induces rapid and profound alterations
in the trafficking of T cells. Eur
J Immunol 2000;30:3207–3218.

12. Sallusto F, Lanzavecchia A,
Mackay CR. Chemokines and chemo-
kine receptors in T-cell priming and Th1/
Th2-mediated responses. Immunol
Today 1998;19:568–574.

13. Sallusto F, Lenig D, Mackay CR,
Lanzavecchia A. Flexible programs of
chemokine receptor expression on
human polarized T helper 1 and 2
lymphocytes. J Exp Med 1998;
187:875–883.

14. Bonecchi R, Bianchi G, Bordignon PP
et al. Differential expression of chemo-
kine receptors and chemotactic respon-
siveness of type 1 T helper cells (Th1s)
and Th2s. J Exp Med 1998;187:129–134.

15. Yamamoto J, Adachi Y, Onoue Y et al.
Differential expression of the chemokine
receptors by the Th1- and Th2-type
effector populations within circulating
CD4+ T cells. J Leukoc Biol
2000;68:568–574.

16. Tovey ER, Chapman MD, Wells CW,
Platts-Mills TA. The distribution of
dust mite allergen in the houses of
patients with asthma. Am Rev Respir
Dis 1981;124:630–635.

17. Bachert C, van Cauwenberge P,
Khaltaev N, Bousquet J. Allergic rhi-
nitis and its impact on asthma. In colla-
boration with the World Health
Organization. Executive summary of the
workshop report. 7–10 December 1999,
Geneva, Switzerland. Allergy
2002;57:841–855.

18. Gardner LM, O’Hehir RE, Rolland

JM. High dose allergen stimulation of
T cells from house dust mite-allergic
subjects induces expansion of IFN-c+

T cells, apoptosis of CD4+IL-4+ T cells
and T cell anergy. Int Arch Allergy
Immunol 2004;133:1–13.

19. Constant S, Pfeiffer C, Woodard A,
Pasqualini T, Bottomly K. Extent of T
cell receptor ligation can determine the
functional differentiation of naive CD4+

T cells. J Exp Med 1995;182:1591–1596.
20. Hosken NA, Shibuya K, Heath AW,

Murphy KM, O’Garra A. The effect of
antigen dose on CD4+ T helper cell
phenotype development in a T cell
receptor-alpha beta-transgenic model.
J Exp Med 1995;182:1579–1584.

21. Lilly CM, Nakamura H, Belostotsky
OI et al. Eotaxin expression after seg-
mental allergen challenge in subjects
with atopic asthma. Am J Respir Crit
Care Med 2001;163:1669–1675.

22. Varney VA, Jacobson MR, Sudderick
RM et al. Immunohistology of the nasal
mucosa following allergen-induced rhi-
nitis. Identification of activated
T lymphocytes, eosinophils, and neu-
trophils. Am Rev Respir Dis
1992;146:170–176.

23. Durham SR, Ying S, Varney VA et al.
Cytokine messenger RNA expression for
IL-3, IL-4, IL-5, and granulocyte/macr-
ophage-colony-stimulating factor in the
nasal mucosa after local allergen provo-
cation: relationship to tissue eosino-
philia. J Immunol 1992;148:2390–2394.

24. Ying S, Durham SR, Barkans J et al. T
cells are the principal source of inter-
leukin-5 mRNA in allergen-induced rhi-
nitis. Am J Respir Cell Mol Biol
1993;9:356–360.

25. Ying S, Durham SR, Jacobson MR
et al. T lymphocytes and mast cells
express messenger RNA for interleukin-
4 in the nasal mucosa in allergen-induced
rhinitis. Immunology 1994;82:200–206.

26. El Biaze M, Boniface S, Koscher V
et al. T cell activation, from atopy to
asthma: more a paradox than a para-
digm. Allergy 2003;58:844–853.

27. Venkataraman C, Leung S, Salvekar
A, Mano H, Schindler U. Repression
of IL-4-induced gene expression by IFN-
gamma requires Stat1 activation.
J Immunol 1999;162:4053–4061.

28. Pacheco KA, Tarkowski M, Klemm J,
Rosenwasser LJ. CD49d expression and
function on allergen-stimulated T cells
from blood and airway. Am J Respir
Cell Mol Biol 1998;18:286–293.

29. Richards IM, Kolbasa KP, Hatfield

CA et al. Role of very late activation
antigen-4 in the antigen-induced accu-
mulation of eosinophils and lymphocytes
in the lungs and airway lumen of sensi-
tized brown Norway rats. Am J Respir
Cell Mol Biol 1996;15:172–183.

30. Nakajima H, Sano H, Nishimura T,
Yoshida S, Iwamoto I. Role of vascular
cell adhesion molecule 1/very late acti-
vation antigen 4 and intercellular adhe-
sion molecule 1/lymphocyte function-
associated antigen 1 interactions in
antigen-induced eosinophil and T cell
recruitment into the tissue. J Exp Med
1994;179:1145–1154.

31. Jinquan T, Quan S, Feili G, Larsen
CG, Thestrup-Pedersen K. Eotaxin
activates T cells to chemotaxis and
adhesion only if induced to express
CCR3 by IL-2 together with IL-4.
J Immunol 1999;162:4285–4292.

32. Holgate ST, Bodey KS, Janezic A,
Frew AJ, Kaplan AP, Teran LM.
Release of RANTES, MIP-1 alpha, and
MCP-1 into asthmatic airways following
endobronchial allergen challenge.
Am J Respir Crit Care Med 1997;156:
1377–1383.

33. Campbell JJ, Brightling CE, Symon
FA et al. Expression of chemokine
receptors by lung T cells from normal
and asthmatic subjects. J Immunol
2001;166:2842–2848.

34. Nouri-Aria KT, Wilson D, Francis
JN et al. CCR4 in human allergen-
induced late responses in the skin and
lung. Eur J Immunol 2002;32:1933–1938.

35. Seneviratne SL, Jones L, King AS
et al. Allergen-specific CD8(+) T cells
and atopic disease. J Clin Invest
2002;110:1283–1291.

36. Majori M, Caminati A, Corradi M,
Brianti E, Scarpa S, Pesci A. T-cell
cytokine pattern at three time points
during specific immunotherapy for
mite-sensitive asthma. Clin Exp Allergy
2000;30:341–347.

37. O’Brien RM, Xu H, Rolland JM,
Byron KA, Thomas WR. Allergen-
specific production of interferon-gamma
by peripheral blood mononuclear cells
and CD8 T cells in allergic disease and
following immunotherapy. Clin Exp
Allergy 2000;30:333–340.

High allergen dose increases �trafficking� IFN-c+ T cells

1317


