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Summary

Background Venom immunotherapy (VIT) induces long-lasting immune tolerance to
hymenoptera venom antigens, but the underlying mechanisms are not yet clarified.
Regulatory T cells are thought to play an important role in allergic diseases and tolerance
induction during specific immunotherapy.

Aim Characterize longitudinally the impact of VIT on the pool of circulating regulatory T cells.
Methods Fourteen hymenoptera venom-allergic patients with severe reactions (grades III-IV)
were studied before, 6 and 12 months after starting ultra-rush VIT. Freshly isolated peripheral
blood mononuclear cells were surface stained with a panel of markers of T cell differentiation
and intracellularly for CTLA-4 and Foxp3 and analysed by flow cytometry. foxrp3 mRNA was
quantified by real-time PCR. VIT responses were assessed by measuring specific IgG4 and IgE
levels. Eleven individuals with no history of insect venom allergy were studied as controls.
Results VIT induces a significant progressive increase in both the proportion and the absolute
numbers of regulatory T cells defined as CD25""€" and/or Foxp3™ CD4™ T cells. These
changes are not related to alterations in the expression of activation markers or imbalances in
the naive/memory T cell compartments. foxp3 mRNA levels also increased significantly
during VIT. Of note, the increase in circulating regulatory T cell counts significantly correlates
with the venom-specific IgG4/IgE ratio shift.

Conclusion VIT is associated with a progressive expansion of circulating regulatory T cells,
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supporting a role for these cells in tolerance induction.
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Introduction

Allergic reactions to insect stings can be life threatening.
Venom-specific immunotherapy (VIT) is currently consid-
ered the only approach by which long-term tolerance can
be achieved, and one of the most effective specific
immunotherapies [1]. Thus, it represents a particularly
advantageous model to dissect the mechanisms under-
lying tolerance induction [2]. Successful VIT is usually
associated with an increase in specific IgG antibodies,
particularly of the IgG4 class, which are thought to block
allergen and IgE-facilitated antigen presentation [3].
Moreover, a reduction in the numbers and activation state
of basophils and mast cells have been reported [4, 5], as
well as a shift from a T helper type 2 (Th2) to a Thl

cytokine profile [6, 7] and a decrease in T cell responsive-
ness against the allergen [3]. The role of suppressive
cytokines in these processes has been investigated. VIT-
treated patients have been shown to exhibit increased
levels of IL-10 in the supernatants of lymphocyte cultures
stimulated with venom extracts [3, 6]. Moreover, an
expansion of IL-10-producing CD4" T cells has been
reported [8]. Besides regulatory T cells (Treg) that mediate
their action via IL-10, usually referred to as type-1
regulatory T cells (Tr1), other Treg populations are
thought to be implicated in allergy [9]. Circulating CD4™"
T cells expressing high levels of CD25, the o chain of the
IL-2 receptor, and the forkhead-winged helix transcrip-
tion factor Foxp3 have been clearly shown to represent a
well-defined and potent regulatory population [10-13].
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These cells were initially described to be originated in the
thymus [14-16], but increasing evidence indicates that
they can also be generated in the periphery during
immune responses [17, 18]. The mechanisms of action of
this population are not fully characterized but they are
thought to rely on contact-dependent processes rather
than soluble factors [10, 12, 19]. Foxp3 was shown to be
essential for the development and function of this subset
[11, 20, 21]. To our knowledge, there are no data on the
role of Foxp3™ Treg in the long-term development of
tolerance during VIT. In this study, we evaluate long-
itudinally the effects of ultra-rush VIT on the pool of
circulating Treg, defined as CD4" T cells expressing high
levels of CD25 and/or Foxp3.

Methods

Study population

Fourteen patients [11 males and 3 females; mean age 47
years (range 16-65)] with a history of severe systemic
reactions to hymenoptera stings of grades II-IV [22]
eligible for VIT according to the criteria of the European
Academy of Allergy and Clinical Immunology [23] were
studied. This cohort comprised 10 bee- and 4 wasp
venom-allergic patients. Specific sensitization was con-
firmed by positive skin tests (prick and intradermal) and
detection of allergen-specific IgE in the serum. Blood
samples were taken at baseline (before VIT), and at 6 and
12 months after starting VIT. VIT (Stallergenes, France)
was carried out according to an ultra-rush protocol [24].
Eleven individuals [mean age 51 years (range 34-72)] with
no history of allergic reactions to hymenoptera stings
were also studied as controls. All subjects gave informed
consent to blood sampling and processing, and the study
was approved by the Ethical Board of the Faculty of
Medicine of Lisbon.

Flow cytometric analysis

Freshly isolated peripheral blood mononuclear cells
(PBMC) were stained as described previously [25]. Briefly,
cells suspended in phosphate-buffered saline (PBS) con-
taining 1% bovine serum albumin (BSA; Sigma-Aldrich,
St Louis, MO, USA) and 0.1% sodium azide (Sigma-
Aldrich) were stained with monoclonal antibodies (mAbs)
for 20 min in the dark at room temperature. The following
anti-human mAbs were used: anti-CD25, anti-CD3, anti-
(CD38, anti-CD4, anti-CD45RA, anti-CD45R0, anti-CD62L,
anti-CD8, anti-CCR7 and anti-HLA-DR. All mAbs were
from BD-Biosciences (San Jose, CA, USA). For intra-
cellular cytotoxic T-lymphocyte antigen 4 (CTLA-4)
staining, cells were fixed with 2% formaldehyde and
permeabilized with PBS containing 1% BSA and 0.5%
saponin (Sigma-Aldrich) before staining for CTLA-4

(BD-Biosciences). Foxp3 (PCH101 clone, eBiosciences,
San Diego, CA, USA) intracellular staining was performed
according to the manufacturer’s instructions. Matched
isotype controls were included. Samples were acquired
on a FACSCalibur flow cytometer (BD-Biosciences). Ana-
lysis was performed using FlowJo software (Tree Star,
Ashland, OR, USA). Results are presented as a proportion
of total lymphocytes. Total cell numbers were computed
by multiplying the corresponding percentages by the
peripheral blood lymphocyte count obtained at the clin-
ical laboratory.

foxp3 mRNA quantification

RNA was extracted from freshly isolated 10° PBMC using
an AbiPrism 6100 Nucleic Acid Extractor (Applied Biosys-
tems, Foster City, CA, USA) and quantified using a
NanoDrop ND-10 spectrophotometer (NanoDrop Technol-
ogies, Wilmington, DE, USA). Four hundred nanograms of
total RNA was reverse transcribed using the Superscript II
Reverse Transcriptase Kit (Invitrogen, Carlsbad, CA, USA).
Duplicate samples were quantified by real-time PCR in
150 ng of cDNA and 50 pL PCR mixture volume containing
25 uL of Platinum quantitative PCR SuperMix-UDG, 1 uL
ROX Reference Dye 50x, 5 mm of MgCl, (all from Invitro-
gen), with 300 nm of each primer (Forward: 5’-cacattcccaga
gttecte-3’, Reverse 5'-gegtgtgaaccagtggtagate-3'), 200 nm
of TagMAn probe (5'-FAM-tcatccgetgggeca-MGB-3’) and
150 ng of DNA using AbiPrism 7000 SDS (Applied Biosys-
tems). A plasmid containing foxp3 sequence was serially
diluted (10°-10 copies/reaction) and used to generate a
standard curve. Glyceraldehyde 3-phosphate dehydrogen-
ase (GAPDH) was used as an internal control (FAM/MGB
probe, non-primer limited — Applied Biosystems; standard
curve generated with serial dilutions of cDNA, synthesized
from total RNA extracted from pooled PBMC from three
different healthy donors). Results were normalized to
GAPDH internal controls and expressed as arbitrary units.

Allergen-specific immunoglobulin E and immunoglobulin
G4 levels

Serum allergen-specific IgE and IgG4 concentrations were
determined by UniCAP (Phadia, Sweden) according to the
manufacturer’s instructions.

Statistical analysis

Statistical analysis was performed using GraphPad Prism
version 4.00 (GraphPad Software Inc., SD). Data were
tested for Gaussian distribution, repeated-measures ANovA
was used for the analysis of variance, two group compar-
isons were performed using a paired or an unpaired #-test
and Pearson’s coefficient was used to determine the
significance of the correlation between two variables.
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Results are expressed as mean =+ SEM, and P-values P=0.0228, unpaired t-test). Furthermore, their frequency

<0.05 were considered to be significant. increased to levels similar to those observed in non-
allergic individuals after 6 months of immunotherapy.

As Foxp3 has been shown to be essential for Treg

Results development and function [21, 26, 27], we compared the

foxp3 transcriptional activity in PBMC at baseline and 1
Venom-specific immunotherapy is associated with a year after starting VIT. Foxp3 mRNA was quantified by
progressive increase in the proportion and absolute real-time PCR and was found to increase significantly
numbers of CD2 507t 4w d/or Foxp3™ regulatory T cells during VIT (Fig. 2a). Moreover, we were also able to assess

Foxp3 protein expression by flow cytometry in a sub

A longitudinal study of 14 patients with severe systemic group of patients, as illustrated in Fig. 2b. Both the
reactions to hymenoptera venom, grades III-IV according  proportion (Fig. 2¢) and the absolute number (Fig. 2d) of
to Mueller’s classification [22], was performed before and CD4"Foxp3™ T cells increased progressively under VIT,
after starting ultra-rush VIT. reaching statistical significance for the absolute numbers.
Freshly isolated PBMC were surface stained and analysed As reported previously [13], the Foxp3 expression was
by flow cytometry to assess the frequency of CD4 " CD25”"  ¢5,,n4 10 be mainly restricted to CD4™ T cells expressing
T cells within total lymphocytes. CD4*CD25" ™" Tcells were (D25 ata high intensity (Fig. 3a). Moreover, the frequency
defined as those CD4 ™ T cells expressing CD25 at a higher ~ of CD4 " Foxp3™ T cells was found to correlate strongly
intensity of fluorescence than the CD4 ~ lymphocytes, as  with CD4*CD25"8" T cells (Fig. 3b). The analysis of
illustrated in Fig. 1a. The adequacy of our analysis was CD4" T cells co-expressing both markers, CD25"eht
further confirmed by the high levels of intracellular Foxp3™, revealed a marked increase in both the propor-
expression of CTLA-4, a recognized Treg marker, within  tjon (Fig. 3c) and the absolute number (Fig. 3d) of this
CD4 " CD25""" T cells (data not shown). population during VIT. Of note, these increases were much
An increase in both the proportion (Fig. 1b) and the more pronounced than the ones observed when the

absolute counts (Fig. 1c) of CD4"CD25""" T cells in the analysis was restricted to the expression of only one of
peripheral blood was observed during VIT. The majority of  the markers.

these cells exhibited a memory phenotype, and the pro-
portion of CD45RA ™ cells did not change significantly
during the follow up (92.72 + 1.5%, 91.56 4 1.3% and
90.35+2.1% at baseline, 6 and 12 months of VIT,
respectively).

Of note, the frequency of CD4*CD25"8" T cells was
significantly reduced in patients at baseline as compared
with age-matched non-allergic individuals studied in T cell activation is known to induce transient up-regula-
parallel (0.46 +0.06% vs. 0.80+0.13%, respectively; tion of CD25, and recent data suggested that it also

The expansion of circulating CD25°"" and/or Foxp3™

CD4™ T cells during venom-specific immunotherapy is not
associated with an increase in activation markers or naive/
memory T cell imbalances
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Fig. 1. Progressive increase of circulating CD4*CD25Pright regulatory T cells during ultra-rush venom immunotherapy (VIT). Freshly isolated peripheral

blood mononuclear cells were stained for CD4 and CD25, and analysed by flow cytometry, before (T0) and after 6 (T6) and 12 (T12) months of starting
VIT. (a) Representative contour plot of CD4*CD25""8" analysis: after gating on lymphocytes according to forward and side scatter, the CD4 " CD25"" "
cells were defined as the CD4+ cells expressing CD25 at a higher intensity than the CD4 ~ lymphocytes. (b) Proportion of CD4* CD25"8" T cells within
total lymphocytes along VIT (n=14). (c) Absolute numbers of circulating CD4*CD25""8" T cells during VIT (n=9). Bars represent mean + SEM.
Differences between time-points were compared using a paired t-test, and P-values are shown as follows: *P < 0.05; **P <0.01.
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Fig. 2. Progressive increase of Foxp3 expression during ultra-rush venom immunotherapy (VIT). (a) foxp3 mRNA expression in peripheral blood
mononuclear cells (PBMC) was determined by real-time PCR before (T0) and after 12 months (T12) of starting VIT. Results were normalized to GAPDH
internal controls and expressed as arbitrary units. Each circle represents one individual. (b) In parallel, freshly isolated PBMC were stained for CD4 and
intracellular Foxp3 and analysed by flow cytometry before (TO) and after 6 (T6) and 12 (T12) months of VIT. Representative contour plot of the flow
cytometric analysis performed on lymphocytes gated according to forward and side scatter. (c) Proportion of CD4*Foxp3™* T cells within total
lymphocytes along VIT (n=5). (d) Absolute numbers of circulating CD4 Foxp3 ™" T cells during VIT (1 =4). Bars represent mean + SEM. Differences
between time-points were compared using a paired t-test, and P-values are shown as follows: *P < 0.05.
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Fig. 3. Progressive increase of CD4* CD25""#" Foxp3™ T cells during ultra-rush VIT. Freshly isolated peripheral blood mononuclear cells were stained
for CD4, CD25 and intracellular Foxp3 and analysed by flow cytometry before (T0), and after 6 (T6) and 12 (T12) months of starting VIT. (a)
Representative contour plot of CD25 and Foxp3 staining gated on CD4 " lymphocytes. (b) Correlation between CD4* CD25" 8" and CD4* Foxp3™ T cells.
Each circle represents one individual. Pearson’s coefficient was used, and P- and R-values are shown. (c) Proportion of CD4 " CD25" 8" Foxp3™* T cells
within total lymphocytes along VIT (n=5). (d) Absolute numbers of circulating CD4"*CD25"" Foxp3™ T cells during VIT (n=4). Bars represent

mean + SEM. Differences between time-points were compared using a paired t-test, and P-values are shown as follows: *P <0.05; ***P < 0.001.

induces Foxp3 expression in human T cells [13, 18, 28]. In
order to exclude activation as a driving force for the
observed expansions, HLA-DR expression was assessed
on T cells and was found to remain stable throughout the
period of follow-up (4.31+ 1.3%, 4.44 + 1.4% and 4.04 +
1.19% for CD4™ T cells and 8.72 + 3.5%, 10.80 =+ 3.2% and
8.89 + 2.7% for CD8™" T cells at baseline, 6 and 12 months
of VIT, respectively, not statistically different).

Moreover, the observed expansions were not due to
imbalances in the relative representation of naive or
memory CD4" T cell subsets, because their proportions
did not change significantly during the study. The fre-
quency of naive cells within the CD4" T cell subset, as
defined by CD45RACD62L" expression, was 42.40 &
4.9%, 40.63 +6.4% and 44.30 +4.5% and the propor-
tion of memory cells (CD45R0") was 53.88 4 4.3%,
49.66 +6.4% and 51.79 +4.4% at baseline, 6 and 12
months of VIT, respectively.

The increase in regulatory T cell count is in correlation
with the specific immunoglobulin G4/immunoglobulin E
ratio shift

VIT has been shown to induce an increase in allergen-
specific IgG4 levels and a parallel decrease in specific IgE
[3, 29], leading to an enhanced IgG4/IgE ratio. In order to
assess a putative role of Treg in tolerance induction, we
correlated Treg frequency and IgG4 and IgE levels.
Although no significant correlation was observed between
the changes of the Treg frequency in the peripheral blood
as defined by CD25""8" and/or Foxp3™ expression and
IgG4 or IgE levels, we demonstrated a positive correlation
between the changes in CD4"CD25""8" T cell counts
during therapy and the changes observed in the allergen-
specific 1gG4/IgE ratio (Fig. 4a). The shift in this ratio
during VIT was even more strongly correlated with the
changes in CD4"CD25"8" Foxp3™ T cell counts (Fig. 4b).

© 2007 The Authors
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Fig. 4. The changes in the circulating regulatory T cell subset correlate
positively with the changes in the venom-specific IgG4/IgE ratio during
ultra-rush venom immunotherapy (VIT). Venom-specific IgG4 and IgE
serum levels were determined by UniCAP, and the venom-specific IgG4/
IgE ratio was calculated before starting VIT and after 1 year of
immunotherapy. Graphs illustrate the correlation between the changes
in this ratio and the increases documented in the number of circulating
CD4"CD25 €M T cells (a) and CD4 ™ CD25 8" Foxp3™ T cells (b) during
VIT. Each circle represents one individual. Pearson’s coefficient was
used to determine significance between variables, and P- and R-values
are shown.

Although these correlations do not establish a causative
link between the alterations in regulatory T-cell numbers
and IgG4/IgE levels, they are consistent with a possible
role for this population in tolerance induction.

Discussion

In this study, we show that VIT is associated with a
progressive increase in the proportion and absolute num-
bers of regulatory T cells defined as CD25""&" and/or
Foxp3™ CD4" T cells. These effects were observed in
individuals with severe allergic reactions and correlated

© 2007 The Authors

positively with the changes observed in the ratio between
specific IgG4 and IgE, supporting a role for Treg in the
induction of tolerance in this clinical setting. Importantly,
no changes of other T cell subsets or activation markers
were documented during the follow up, suggesting that
the increase in the Treg pool is not activation related or
the result of imbalances in naive/memory compartments.
It should also be noted that, in comparison with non-
allergic individuals, the patients studied showed signifi-
cantly reduced frequencies of CD4*CD25"8" and
CD4 " CD25" 8" Foxp3™ T cells at baseline, which normal-
ized after 6 months of VIT.

Treg are critical players in peripheral immune tolerance
[9-11, 30]. Specific immunotherapy was shown to induce
IL-10-producing Treg able to suppress allergen-specific
T cell responses and to regulate allergen-specific [gG4 and
IgE synthesis [3, 6]. Recently, in a study by Mamessier et
al. [8] IL-10-producing T cells and CD4*CD25 "M€" T cells
were shown to increase simultaneously during VIT. In
their study, a less stringent criterion to define
CD4*CD25"8" T cells was used and Foxp3 expression
was not evaluated. Furthermore, this study was limited to
the initial 45 days of treatment and a significantly less
marked expansion of CD4*CD25 8" T cells was observed
in patients with severe disease as compared with those
with only mild symptoms [8]. These data raised doubts
about the impact of VIT on the Treg pool of the most
suitable candidates to start VIT namely the ones with more
severe allergic reactions. Our data expand upon these
findings, as it shows a progressive and sustained expan-
sion of CD4" CD25""8" Foxp3™ T cells in individuals with
severe reactions during a period of at least 1 year of VIT.
Mamessier et al. [8] have shown that a cellular fraction
highly enriched in CD47CD25"™&" T cells was able to
suppress venom-specific proliferation. Accordingly, in the
few patients in which we were able to reveal in vitro
proliferative responses against the allergen at baseline
using commercially available extracts, a decrease in their
magnitude was observed during the follow-up (data not
shown). These data are compatible with a suppression of
the proliferative responses by the expanded population.
Interestingly, Smith et al. [31] did not find an increase in
the intrinsic suppressive capacity of CD25" Treg during
cat allergen peptide immunotherapy, despite the signifi-
cant decrease of the in vitro proliferative responses to the
allergen. However, their study did not include a quantifi-
cation of the circulating regulatory T cells. Thus, an
increase in the relative representation of this population
similar to that described here could contribute to the
reduced allergen-specific proliferative responses during
immunotherapy.

To our knowledge, this is the first study reporting a
diminished basal frequency of Treg in the peripheral blood
of patients with severe allergic reactions to insect stings
compared with individuals without a history of allergic

Journal compilation © 2007 Blackwell Publishing Ltd, Clinical and Experimental Allergy, 1-7
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diseases. Previous studies have shown that the capacity of
CD4"CD25™ T cells from allergic individuals to suppress
allergen-specific T cell responses was reduced or even
absent [9, 32], and moreover a recent study by Hartl et al.
[33] in paediatric asthma reported a significant increase in
CD25"8" CD4™ T cells after corticotherapy both in the
peripheral blood and in the bronchoalveolar lavage fluid.
Taken together, these data further highlight the impor-
tance of Treg in maintaining immunologic tolerance,
supporting the need to explore therapeutic approaches
aimed at boosting this population as a strategy to control
allergy [1, 9, 34].

The origin and maintenance of circulating Foxp3™
Treg are not fully understood [34]. Peripheral Foxp3™ cells
may arise from the expansion of thymic-derived Treg and/
or may be generated concomitantly with effector or
memory T cells during immune responses [15-17, 34].
Both pathways may contribute to the expansion that we
document under VIT. Another important question to be
addressed in future studies regards the specificity of the
expanded Treg: are they allergen-specific or does this
expansion result from some bystander amplification pro-
cess? The second hypothesis would seem more likely,
given the magnitude of the expansion and previous
evidence in favour of cross-protection against further
sensitizations and allergies in individuals undergoing
specific immunotherapy [35-37].

In conclusion, our results support a role for CD2
and/or Foxp3™* CD4™ T cells in tolerance induction during
VIT. Studies are ongoing to evaluate the kinetics of this
population throughout the entire course of VIT and more
importantly whether this expansion is maintained after
discontinuing therapy.

5br1ght
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