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Grass pollen immunotherapy induces Foxp3-expressing
CD41CD251 cells in the nasal mucosa

Suzana Radulovic, MD, Mikila R. Jacobson, PhD, Stephen R. Durham, MD, and Kayhan T. Nouri-Aria, PhD London,

United Kingdom
Background: Regulatory T (Treg) cells play an important role
in controlling allergic inflammation. The transcription factor
Foxp3 regulates the development and function of natural and
adaptive CD41CD251 Treg cells.
Objectives: We sought to examine the effect of grass pollen
injection immunotherapy on the numbers of Foxp31CD41 and
Foxp31CD251 T cells in and out of season and their expression
of IL-10 in the nasal mucosa of patients with hay fever.
Methods: Nasal biopsy specimens were obtained from untreated
patients with hay fever, participants with grass pollen allergy
who had received 2 years of immunotherapy, and healthy
control subjects. Dual-immunofluorescence microscopy was
used to enumerate and colocalize Foxp3 expression to CD41 and
CD251 T cells in the nasal mucosa. Triple staining was
performed to colocalize Foxp31 cells to CD31CD251 and CD31

IL-10–expressing cells.
Results: At peak season, numbers of Foxp31CD251 (P 5 .02) and
Foxp31CD41 (P 5 .03) cells were significantly increased in the
nasal mucosa of immunotherapy-treated patients compared with
numbers before treatment. Foxp31CD251 (P 5 .03) and
Foxp31CD41 (P 5.04) cells were also greater in immunotherapy-
treated patients out of season compared with those in untreated
patients with hay fever. Within the immunotherapy-treated
group, 20% of CD31CD251 cells expressed Foxp3, and 18% of
Foxp31CD31 cells were IL-10 positive.
Conclusion: The presence of local Foxp31CD251CD31 cells in
the nasal mucosa, their increased numbers after immunotherapy,
and their association with clinical efficacy and suppression of
seasonal allergic inflammation support a putative role for Treg
cells in the induction of allergen-specific tolerance in human
subjects. (J Allergy Clin Immunol nnnn;nnn:nnn-nnn.)
From the Department of Upper Respiratory Medicine, Section of Allergy and Clinical

Immunology, National Heart and Lung Institute, Imperial College and Royal

Brompton Hospital London.

Funding for this project was from the Medical Research Council UK. K.T.N.-A. was

supported by the Advanced Drug Discovery Initiative, a collaborative project between

Imperial College Trust and GlaxoSmithKline. ALK-Abelló, Hørsholm, Denmark,
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The observation that neonatal thymectomy in mice leads to
organ-specific autoimmune pathology and that autoimmune
responses can be reversed by adoptive transfer of CD41CD251

T cells from healthy animals provides compelling evidence for
the putative role of regulatory T (Treg) cells in the control of
immune responses, the mechanisms of which are not entirely
clear.1-3 Subsets of Treg cells include naturally occurring, thymic-
derived CD41CD251 Treg cells; inducible CD41CD251 T cells;
IL-10–producing Treg cells (TR1 cells); and TGF-b–producing
TH3-type Treg cells.4-6 Naturally occurring CD41CD251 Treg
cells have been shown to express a variety of cell-surface
molecules that include CD25, CD45RBlow, CD62L, cytotoxic T
lymphocyte–associated antigen 4, glucocorticoid-induced TNF
receptor, and most specifically the transcription factor Foxp3.
Foxp3 functions as a master switch gene in the development
and function of Treg cells.7,8 A mutation in Foxp3 has been
reported to result in the spontaneous development of allergic
airways inflammation, hyper-IgE, and eosinophilia, symptoms
reminiscent of those described in immunodysregulation polyen-
docrinopathy enteropathy X-linked syndrome,9 reinforcing the
role of Foxp3 as the dominant transcription factor in Treg cells.
Experimental models of inflammatory bowel disease10 and
clinical conditions, such as atopic dermatitis,11 asthma,12 and a
number of autoimmune conditions,13-15 have been associated
with impaired expression of Foxp31CD41CD251 T cells.

Seasonal allergic rhinitis is characterized by increased pro-
duction of allergen-specific IgE and tissue eosinophilia, events
that are under the regulation of TH2 T lymphocytes.16,17 The
development of an allergic response to common inhaled aller-
gens has been postulated to occur as a consequence of impair-
ment in the numbers, function, or both of allergen-specific Treg
cells.18,19

Grass pollen injection immunotherapy (GP-IT) has been shown
to be a highly effective prophylactic treatment for IgE-mediated
seasonal allergic rhinitis.20 GP-IT has been shown to reduce nasal
mucosal recruitment of inflammatory cells and effector cells and
to decrease local allergen-specific TH2 cytokine production in
favor of TH1 (IFN-g) cytokines.20 GP-IT induces blunting of sea-
sonal increases of allergen-specific IgE and substantial increases
in ‘‘blocking’’ allergen-specific IgG antibodies, particularly of the
IgG4 isotype.21,22 Increased proportions of IL-10–producing pe-
ripheral CD41CD251 cells and IL-10– and TGF-b–expressing
cells in the nasal mucosa are believed to contribute to the
allergen-specific unresponsiveness that is observed after GP-
IT.20,23,24 One way in which immunotherapy might be effective
is by the local activation, recruitment, or both from the peripheral
1
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blood/lymph nodes of a population of T lymphocytes with a
regulatory phenotype resembling CD41CD251 Treg cells.20

In this report, in patients with allergic rhinitis, we examine the
influence of GP-IT on the nasal mucosal expression of Foxp3 by
CD41 and CD251 T lymphocytes and on the proportion of
Foxp31CD31 cells expressing IL-10. We compared the findings
in the nose with those in the tonsil, a tissue with naturally occur-
ring thymic-derived Foxp31CD251CD41 Treg cells. We also
studied the influence of the pollen season on Foxp3 expression
in a controlled trial of patients who had received GP-IT compared
with placebo treatment.

METHODS

Patients
The study participants comprised 13 patients with grass pollen allergy, 9

atopic patients with hay fever who had completed 2 years of GP-IT (Phleum

pratense, Alutard SQ, ALK-Abelló, Hørsholm, Denmark), and 9 nonatopic

healthy control subjects.25 We also studied the effects of seasonal pollen expo-

sure in 37 participants in a randomized controlled trial of GP-IT.25 For patient

characteristics, details of the immunotherapy protocol, methods for skin prick

tests and intradermal skin tests, and recording of global hay fever assessment

scores, see the Methods section in the Online Repository at www.jacionline.org.
Biopsy specimen collection
Nasal biopsy specimens (2.5 mm) were taken from the undersurface of the

inferior turbinate by using Gerritsma forceps and 10% cocaine as a local

anesthetic, as previously described.23 All samples were examined blind and

independent of the clinical protocol. For further information, see the Methods

section in the Online Repository at www.jacionline.org. Tonsillectomy spec-

imens were obtained from patients undergoing routine tonsillectomy and were

provided by the Ear, Nose, and Throat Department, Charing Cross Hospital

NHS Trust, London, United Kingdom.
Immunohistochemistry
Foxp3 was colocalized to CD4 and CD25 T cells and visualized by means

of double immunofluorescence with a biotin-streptavidin system.26 For

information, see the Methods section in the Online Repository at

www.jacionline.org.

Synthetic peptide corresponding to amino acids 418 to 431 of human Foxp3

was used in an absorption study to selectively block the binding of Foxp3

antibody (Advanced Biotechnology Centre, Imperial College London,

London, United Kingdom). For the peptide absorption procedure, see the

Methods section in the Online Repository at www.jacionline.org.

Colocalization of Foxp3 to CD31CD251 cells and IL-10 to CD31 Foxp3-ex-

pressing cells was performed with triple immunofluorescence and a combination

of fluorescein isothiocyanate (for CD3), tetramethylrhodamine isothiocyanate

(CD25 or IL-10), and Alexa Fluor 350 (Foxp3), respectively,26 on nasal biopsy

sections from 3 GP-IT–treated patients. For quantification information, see the

Methods section in the Online Repository at www.jacionline.org.
Statistical analysis
Between-group comparisons were performed by using the Mann-Whitney

U test with the Bonferroni correction for multiple tests. Within-group compar-

isons were performed by using the Wilcoxon matched-pairs signed-rank test.
All analyses were performed with a statistical software package (Minitab, Inc,

State College, Pa). All tests were 2-tailed, and P values of less than .05 were

considered statistically significant.
RESULTS

Clinical response
Patients were asked to make an overall assessment of their hay

fever severity compared with that of previous years (before
immunotherapy treatment) on a scale from 13 (‘‘a lot better’’) to
23 (‘‘a lot worse’’). GP-IT was highly effective in improving
patients’ overall assessment of seasonal symptom severity (me-
dian, 3; interquartile range [IQR], 0-2) when compared with
assessment among patients with untreated hay fever (median, 1;
IQR, 2-3; P 5 .01). GP-IT was associated with a markedly re-
duced late-phase skin response 24 hours after intradermal grass
pollen allergen (median, 184 mm2; IQR, 175-541 mm2) compared
with that seen in untreated control subjects with hay fever (me-
dian, 2007 mm2; IQR, 1242-2535 mm2; P 5 .0007). Similarly, af-
ter GP-IT, the early skin wheal size at 15 minutes (median, 253
mm2; IQR, 179-296 mm2) was reduced compared with that
seen in untreated control subjects (median, 338 mm2; IQR, 276-
473 mm2; P 5 .04).
CD41Foxp31- and CD251Foxp31-expressing T cells

in tonsillar tissue
Within tonsillar sections, the vast majority of Foxp31 cells

(>90%) were either CD41 or CD251 cells, whereas only 7% of
CD41 cells and 44% of CD251 cells were Foxp31. The specific-
ity of the Foxp3 antibody used was confirmed by absorption stud-
ies with goat anti-Foxp3 antibody in the presence/absence of a
specific Foxp3 peptide that corresponded to human Foxp3 (amino
acids 418-431). Addition of the ‘‘blocking’’ Foxp3 peptide re-
sulted in complete abrogation of the binding of goat anti-Foxp3
within both tonsillar and nasal tissue sections known to express
Foxp3 (Fig 1, A).
Foxp31-, CD41Foxp31-, and CD251Foxp31-

expressing T cells in the nasal mucosa
Foxp31 cells were predominantly distributed within the lamina

propria of the nasal mucosa. GP-IT–treated patients had signifi-
cantly more Foxp31 cells (median, 16.1/mm2; IQR, 6.5-21.7/
mm2) than untreated patients with hay fever (median, 2.75/
mm2; IQR, 1.5-5.3/mm2; P 5 .005), but these levels did not differ
from those in nonatopic healthy control subjects (median, 4.5/
mm2; IQR, 2.8-10.1/mm2; P 5 .13; Fig 2, A).

Likewise, CD251 cells were found in the lamina propria and
were present in the highest numbers in patients receiving GP-IT
(median, 38.5/mm2; IQR, 15.7-58.1/mm2), although the differ-
ence with numbers in untreated patients with hay fever was non-
significant (median, 16.0/mm2; IQR, 9.4-21.55/mm2; P 5 .08),
and a significant difference was observed between patients receiv-
ing GP-ITand nonatopic control subjects (median, 8.0/mm2; IQR,
4.0-17.4/mm2; P 5 .01). In contrast, the total number of CD41

cells was not significantly different between any of the groups
(data not shown).

The median number of Foxp31CD251 cells per square mil-
limeter in the immunotherapy-treated patients (median, 9.3/
mm2; IQR, 3.9-18.5/mm2) was significantly greater than in
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FIG 1. Immunofluorescence staining of tonsillar sections and nasal sections from GP-IT–treated patients. A,

Foxp31CD41 cells in the tonsil (inset shows control after preadsorption with human Foxp3 peptide, magni-

fication 3200). B, Foxp31CD41 cells in the nose (magnification 3400). C, CD31CD251Foxp31 cells in the ton-

sil (magnification 3200). D, Foxp31CD31CD251 cells in the nose (magnification 3400). E and F,

Foxp31CD31IL-101 cells in the nose (magnification 31000). G, Percentage of Foxp31 cells that were

CD31, IL-101, or CD31IL-101.
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untreated patients with hay fever (median, 2.0/mm2; IQR, 1.5-
2.9/mm2; P 5 .03) and in nonatopic control subjects (median,
1.7/mm2; IQR, 0-4.9/mm2; P 5 .025; Fig 2, B). Similarly, the
numbers of Foxp31CD41 cells per square millimeter in the
immunotherapy-treated patients (median, 8.6/mm2; IQR, 0.8-
16.3/mm2) were significantly higher than in the patients with
hay fever (median, 0/mm2; IQR, 0-2.9/mm2; P 5 .04),
whereas the difference between the immunotherapy-treated
patients and the nonatopic control subjects was not significant
(median, 2.0/mm2; IQR, 0.7-10.3/mm2; P 5 .7; Figs 1, B, and
2, C).
Effects of seasonal exposure on Foxp3 expression

after immunotherapy
The effect of seasonal grass pollen exposure on Foxp3 expres-

sion in the nasal mucosa is shown in Table I. Seasonal increases in
Foxp31 cells compared with baseline values were observed
in both placebo- and immunotherapy-treated subjects, whereas
significant increases in dual-positive Foxp31CD41 cells and
Foxp31CD251 cells were observed only in the immunotherapy-
treated group. For comparison with the effects of immunotherapy
on seasonal allergic inflammation, previously reported counts for
eosinophils and IL-5–expressing cells27 are also included, along



FIG 2. Foxp31 (A), Foxp31CD251 (B), and Foxp31CD41 (C) cells in patients

with hay fever, GP-IT–treated patients, and nonatopic control subjects.

Statistical analysis was performed by using the Mann-Whitney U test.
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with numbers of Foxp3-expressing cells in Table I. Seasonal in-
creases were observed for both eosinophils and IL-5 mRNA–ex-
pressing cells in placebo-treated patients, which were inhibited
after immunotherapy.
CD31CD251Foxp31 cells and CD31Foxp31IL-101

cells in tonsillar tissue and nasal mucosa
In tonsillar sections 47% of CD31CD251 cells expressed

Foxp3 (Fig 1, C). In the nasal mucosa after immunotherapy,
20% of CD31CD251 cells also expressed Foxp3 (Fig 1, D).

In tonsillar tissue IL-10 expression was completely absent in
Foxp31CD31 cells. In contrast, within the nasal mucosa, 18% of
CD31 IL-10–expressing cells were Foxp3 positive (Fig 1, E-G).
DISCUSSION
Successful grass pollen immunotherapy was associated with

markedly higher numbers of CD251, Foxp31, Foxp31CD251,
and Foxp31CD41 cells in the nasal mucosa compared with num-
bers seen in untreated subjects with hay fever. These differences
could not be explained by atopic status alone and were not a fea-
ture of the nasal mucosa of normal subjects. Whereas CD25 ex-
pression alone is a feature of both ‘‘activated’’ and ‘‘regulatory’’
T cells,18 the coexpression of Foxp3 provides additional evidence
in favor of an increase in Tregs that accompanies GP-IT. Increases
in Foxp3-expressing cells in the nasal mucosa during the pollen
season were observed in both placebo- and GP-IT–treated
patients. However, seasonal increases in dual-positive
Foxp31CD41 and Foxp31CD251 cells, more indicative of a reg-
ulatory phenotype, were observed only in immunotherapy-treated
patients, which implies that local accumulation of T cells with a
regulatory phenotype are a feature of immunotherapy rather
than a ‘‘natural’’ regulatory mechanism in patients with allergic
rhinitis during seasonal allergen exposure. The observation that
Foxp31 and Foxp32IL-101CD251 T cells coexist in the nasal
mucosa after GP-IT supports the emergence of phenotypically
distinct populations of regulatory cells3-5: Foxp3-expressing
adaptive Tregs and IL-10–producing TR1 cells.

The dual- and triple-immunofluorescence methods used in this
study provided highly sensitive and accurate methods of identi-
fying double/triple-positive cells in the same, rather than consec-
utive, sections. Immune reactive cytokine detection in the tissue
had not been easy in the past, with the consensus being that T cells
are capable of synthesizing but not storing cytokines. Here we
have convincingly demonstrated the presence of IL-101 T cells in
the nasal mucosa by using paraformaldehyde-fixed tissue,23

which prevents the release of newly synthesized cytokines from
T cells, rather than snap-frozen sections. This allowed us to coloc-
alize IL-10 and Foxp3 within individual cell types.

Tonsillar sections were primarily used in this study as a positive
control for the nasal sections. However, the observation that
Foxp31CD31 Tregs in the tonsil lack IL-10 expression raises the
possibility that these cells, although phenotypically consistent
with ‘‘naturally occurring’’ Tregs, do not express IL-10 de novo
in the absence of stimulation.8 In contrast, the expression of IL-
10, which is known to promote tolerance, by Foxp31CD31 cells
in the nasal mucosa of immunotherapy-treated patients might
imply that immunotherapy was responsible for the induction,
recruitment, or both of Tregs (adaptive/inducible) in patients
with allergic rhinitis.

Our findings are in agreement with those reported in murine
models of colitis and in patients with ulcerative colitis, Crohn’s
disease, or both, in whom IL-10–producing Foxp31CD41CD251

cells were present at increased density in the colon and the pres-
ence of IL-10 was associated with amelioration of colitis.13,28 In
studies of cells derived from peripheral blood of subjects with
birch allergy, a recombinant Bet v 1 allergen–S-layer fusion pro-
tein primed the development of naive T cells into IL-10–produc-
ing CD251Foxp31CLTA41 cells capable of active suppression.29

Functionally active, antigen-specific Foxp31CD41CD251 T
cells have also been identified in peripheral blood of atopic and
nonatopic individuals.30

The mechanisms of suppression by Treg subsets remain con-
troversial; both cell-cell contact and downregulation through the
immunosuppressive cytokines IL-10 and TGF-b have been
described.6,31 It was not possible to perform functional studies
on local Foxp31 cells in view of the inevitably small size of nasal
biopsy specimens and the relatively low numbers of cells present.
In the absence of functional data, the identification of local T cells



TABLE I. Effects of grass pollen immunotherapy on Foxp31CD41CD251 T cells in the nasal mucosa

Placebo (n 5 17) Immunotherapy (n 5 20)

Before treatment

(out of season)

After treatment

(in season)

Before treatment

(out of season)

After treatment

(in season)

CD41/mm2 54.5 (33-78) 53.6 (18-138) 80.4 (30-120) 74.9 (35-154)

CD251/mm2 14.0 (8-21) 18.2 (8-25) 13.7 (8-24) 20.9 (12-36)

Foxp31/mm2 2.8 (1-4) 5.7* (1-8) 3.8 (2-5) 6.0� (4-10)

Foxp31CD41/mm2 0 (0-3) 3.1 (0-81) 1.5 (0.3-3) 4.6* (3-7)

Foxp31CD251/mm2 2.0 (1-3) 3.1 (0.6-6) 1.9 (0-3) 4.4� (3-7)

Eosinophil granules-21§/mm2 7.5 (2.8-28.8) 39.2�# (16.4-76) 12 (3.2-21) 14.2* (9.4-27)

IL-5 mRNA§/mm2 0 (0-1.4) 2.2*k (0-17) 0 (0-0) 0.7 (0-4.6)

*P < .05, �P < .01, and �P < .001, after treatment (in season) compared with before treatment (out of season).

§Data obtained from Nouri-Aria et alE3 (available in the Online Repository at www.jacionline.org).

kP 5 .16 and #P 5 .04, immunotherapy-treated group compared with placebo-treated group.
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with a so-called regulatory phenotype can only be made by infer-
ence. In human subjects, in contrast to mice, a proportion of acti-
vated T cells has also been shown to express Foxp3 mRNA.32,33

Therefore the expression of this transcription factor on its own
might not represent regulatory function of these cells. Nonethe-
less, we have shown that distinct subsets of Foxp31 T cells within
the local target organ were associated with allergen-specific im-
munotherapy along with suppression of allergen-induced late-
phase cutaneous responses,20 which are known, at least in part,
to be T-cell dependent. Furthermore, seasonal increases in
Foxp31CD251 and Foxp31CD41 cells in the nasal mucosa after
immunotherapy were accompanied by reductions in local IL-51

cells and eosinophils.20 Our previous findings of increased propor-
tions of IL-10–producing peripheral CD41CD251 cells20 and in-
creased numbers of IL-10–expressing23 and TGF-b–expressing24

T cells within the nasal mucosa after immunotherapy are also con-
sistent with the view that Treg cells play a role in allergen-specific
tolerance during successful immunotherapy. In patients with
bronchial asthma, corticosteroids have also been shown to modify
peripheral Treg function with increased levels of IL-10 production
and Foxp3 expression, which accompanied the alleviation of
asthma symptoms.12

In summary, after grass pollen immunotherapy, Foxp31CD251

and Foxp31CD41 cell numbers were increased in the nasal mu-
cosa. Seasonal increases in these cells were accompanied by sup-
pression of local allergic inflammation. Immunotherapy also
resulted in the recruitment of IL-10–producing Foxp31CD31

and IL-10–producing Foxp32CD31 cells, both of which can con-
tribute to the prevention of TH2 cell recruitment and activation.
Future studies should focus on the underlying mechanisms con-
trolling the phenotype and function of Tregs after immunother-
apy. Our data suggest that strategies to increase local Tregs
might be beneficial in the treatment of hay fever.

Clinical implications: These data support the local involvement
of Foxp31 T cells, presumed Treg cells, in the mechanisms of
allergen immunotherapy and identify a potential target
for immunomodulation.
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METHODS

Patients
Participants were recruited from the Royal Brompton Allergy Clinic or

after placement of an advertisement in the local newspaper. The study was

performed with approval of the ethics committee of the Royal Brompton

Hospital and with the informed consent of the participants. The patients

comprised 13 untreated subjects with grass pollen allergy (7 male subjects;

mean age, 36 years [range, 24-59 years]; skin prick test, 47.3 6 8.0 mm2

[mean 6 SEM]) and 9 atopic patients with hay fever who had completed 2

years of GP-IT (6 male patients; mean age, 31 years [range 22-38 years],

skin prick test, 55.5 6 6.6 mm2).E1 The nonatopic healthy control group com-

prised 5 male and 4 female subjects (mean age, 29 years) (range, 24-41 years)

with negative skin prick test responses to a panel of 11 common aeroallergens

(grass pollen, birch pollen, mixed tree pollen, Dermatophagoides pteronyssi-

nus, cat, dog, horse, and molds [Alternaria species, Cladosporium species, and

Aspergillus fumigatus] and negative [diluent] and positive [histamine, 10 mg/

mL] controls]; Soluprick, ALK-Abelló) and no symptoms during the pollen

season. The effects of GP-IT on Foxp31 cells during the pollen season was

studied in 37 patients who participated in a previously reported randomized

controlled trial.E2 Twenty subjects (10 male subjects; median age, 32 years

[range, 26-36 years]) received GP-IT, and 17 subjects (9 male subjects; me-

dian age, 34 years [range, 29-34 years]) received placebo injections. GP-IT

(Alutard SQ Phleum pratense, ALK-Abelló) or placebo injections were ad-

ministered during a clustered 4-week updosing phase, followed by monthly

maintenance injections (containing 20 mg of the major allergen Phl p 5) for

2 years. Nasal biopsy specimens were taken at baseline and during the pollen

season after 2 years of treatment, as previously described.E2

A global assessment of seasonal hay fever severity was performed at the

end of the pollen season, in which patients recorded their hay fever severity on

a scale of 23 to 13 compared with previous years or compared with

symptoms before commencing immunotherapy.

Skin prick tests and intradermal skin tests were performed by using grass

pollen extract (Phleum pratense, Soluprick, ALK-Abelló). Skin prick tests

were performed on the flexor aspect of the forearm. Intradermal tests were per-

formed with 0.02 mL of diluent containing 10 BU/mL on the extensor aspect

of the forearm, and the early skin response (wheal size) at 15 minutes and late

swelling after 24 hours were recorded as previously described.E1

Biopsy collection
Nasal biopsy specimens were collected outside the United Kingdom pollen

season from October through March from GP-IT–treated patients and

untreated patients with hay fever and between June and August from

nonatopic healthy control subjects. None of the patients were symptomatic

or taking medication at the time of biopsy because their biopsy specimens

were taken remote from the pollen season. Immunotherapy-treated patients

had received treatment for at least 2 years and continued treatment at the time

of biopsy, with biopsy specimens being taken 2 to 4 weeks after the most

recent monthly maintenance injection. The effect of seasonal exposure was

examined on biopsy specimens taken at baseline and during the peak pollen

season after treatment.E1

Immunohistochemistry
Six-micrometer, 4% paraformaldehyde-fixed cryostat sections were used in

the study. Foxp3 colocalized to CD4 and CD25 T cells was visualized by means
of double immunofluorescence with a biotin-streptavidin system. Monoclonal

antibodies to CD4 and CD25 (DakoCytomation, Cambridgeshire, United

Kingdom), polyclonal goat anti-Foxp3 (Abcam, Cambridge, United Kingdom)

for the detection of nuclear Foxp3, and mAb to human IL-10 (Santa Cruz

Biotechnology, Santa Cruz, Calif) were used to colocalize Foxp3 and IL-10 in

T-cell subsets. The method for the detection of IL-10 used in the present study

has been previously validated.E2 T-cell subsets were detected by means of 2- or

3-step staining. Fluorescein isothiocyanate–labeled rabbit anti-mouse antibody

(2 steps) or rabbit anti-mouse secondary antibodies (3 steps; DakoCytomation)

were used for lymphocyte subsets, and biotinylated anti-goat antibody (Jackson

Immunoresearch, Suffolk, United Kingdom) was used for Foxp3 detection.

These were followed by tetramethylrhodamine isothiocyanate–swine anti-rab-

bit immunoglobulin (DakoCytomation) for T-cell subsets (3 steps) and strepta-

vidin-Alexa Fluor 488 (for Foxp3 detection; Invitrogen, Paisley, Scotland).E3,E4

Normal goat IgG and mouse IgG1 and IgG2b (DakoCytomation) were used as

controls for Foxp3, CD4/CD25, and IL-10, antibodies respectively.

Blocking of Foxp3 staining
Foxp3 synthetic peptide was incubated with goat anti-Foxp3 antibody at a

ratio of 30:1. The mixture was incubated at 48C overnight. The mixture was

then centrifuged for 15 minutes at 10,000g, and the supernatant was used for

immunostaining of tonsil sections.

Quantification
Coded sections were counted independently from the clinical protocol and

in a blinded fashion. Positively stained cells were counted immediately

beneath the epithelium to 2 grids’ depth along the whole length of the biopsy

specimen, and results were expressed as the number of positive cells per

square millimeter. On average, this involved counting cells in 8 fields, which is

equivalent to 0.8 mm2 (0.2–1.8 mm2) of subepithelial tissue per biopsy spec-

imen. The sections stained for Foxp31, CD41, and CD251 cells; dual-stained

sections for Foxp31, CD41, and CD251 cells; and colocalization of Foxp3 to

CD4 and CD25 cells were examined and counted at 3400 magnification with

a Nikon Eclipse (E400) fluorescent microscope (Tokyo, Japan) under appro-

priate absorption/emission wavelengths (590/617 nm for CD41 and CD251

cells [tetramethylrhodamine isothiocyanate] and 488/519 nm for Foxp3

[Alexa Fluor 488]). The images were captured with a Nikon Digital Still Cam-

era DXM1200 with Lucia 4.8 software (system for image processing and anal-

ysis; Prague, Czech Republic).
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