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Abstract
Background In Westernized countries, over 1% of the population is allergic to peanuts or
tree nuts, which carries a risk of severe allergic reactions. Several studies support the effi-
cacy of peanut oral immunotherapy (OIT) for reducing the clinical sensitivity of affected
individuals; however, the mechanisms of this effect are still being characterized. One
mechanism that may contribute is the suppression of effector cells, such as basophils.
Basophil anergy has been characterized in vitro as a pathway-specific hyporesponsiveness;
however, this has not been demonstrated to occur in vivo.
Objective To evaluate the hypothesis that basophil anergy occurs in vivo due to chronic
allergen exposure in the setting of a clinical oral immunotherapy trial.
Methods Samples of peripheral blood were obtained from subjects during a placebo-con-
trolled clinical trial of peanut OIT. Basophil reactivity to in vitro stimulation with peanut
allergen and controls was assessed by the upregulation of activation markers, CD63 and
CD203c, measured by flow cytometry.
Results The upregulation of CD63 following stimulation of the IgE receptor, either specifi-
cally with peanut allergen or non-specifically with anti-IgE antibody, was strongly sup-
pressed by active OIT. However, OIT did not significantly suppress this response in
basophils stimulated by the distinct fMLP receptor pathway. In the subset of subjects with
egg sensitization, active peanut OIT also suppressed CD63 upregulation in response to
stimulation with egg allergen. Allergen OIT also suppressed the upregulation of CD203c
including in response to stimulation with IL-3 alone.
Conclusion Peanut OIT induces a hyporesponsive state in basophils that is consistent with
pathway-specific anergy previously described in vitro. This suggests the hypothesis that
effector cell anergy could contribute to clinical desensitization.
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Introduction

Peanut allergy affects over 1% of people in Westernized
countries [1–3]. The only accepted treatment for food
allergy is avoidance and ready access to emergency
medications [4]. Unintentional ingestions occur fre-
quently [5], and because peanut allergy is both persis-
tent and more often associated with severe reactions [6,
7], the need for new treatments is substantial [8].

Basophils express the high affinity receptor for IgE
(FceRI) and represent a significant population of anti-
gen-specific cells in IgE-sensitized individuals that are
capable of releasing histamine, leukotrienes, cytokines
and other mediators [9, 10]. Basophils may also be
important modulators of adaptive immune responses
[11–14]. A significant role for basophils during in vivo
allergen exposure is supported by studies documenting
basophil activation [15–17]. As such, basophils are both



relevant ‘biomarkers’ of IgE-mediated hypersensitivity
and potential targets of immunomodulatory interven-
tions.

Phenotyping of basophils during activation has
revealed useful markers for flow cytometry-based stud-
ies [18]. Anaphylactic degranulation results in the
translocation of lysosomal-associated membrane pro-
teins (LAMPs), including CD63, from a predominantly
intracellular location to the cell surface [19, 20] result-
ing in a predominantly bi-modal distribution of CD63
expression corresponding to cells that have undergone
degranulation or not. The ectonucleotide pyrophospha-
tase/phosphodiesterase (ENPP)-3, CD203c, is upregulat-
ed during activation as well, but it is also constitutively
expressed and its upregulation is kinetically and phar-
macologically distinct from the LAMPs [18, 21, 22].
Activation of circulating basophils has been shown to
correlate with clinical disease in several contexts
including urticaria, anaphylaxis, asthma, food allergy,
autoimmune disease and helminth infection [23–27].

Clinical trials indicate that oral immunotherapy (OIT)
reduces clinical sensitivity to peanut [28–30]. We
hypothesized that with chronic allergen exposure,
basophils would become refractory to signalling
through the FceRI pathway, as has been shown to occur
in vitro [31]. For this mechanistic study, we collected
peripheral blood from a subset of peanut allergic sub-
jects enrolled in a double-blind, placebo-controlled trial
of peanut OIT [30]. Our objective was to study the
effects of OIT on basophil responsiveness to better
understand mechanisms of OIT and evaluate basophil
suppression as a biomarker for OIT.

Methods

Subject characteristics and treatment

Twenty-eight subjects from a clinical trial of OIT for
peanut allergy that took place at Duke University
Medical Center and University of Arkansas for Medical
Sciences were included in this mechanistic study. Local
Institutional Review Boards approved the protocol and
informed consent was obtained from the parents of all
subjects. Subjects all had a history of convincing clini-
cal symptoms occurring within 60 min of ingesting
peanut, a positive skin prick test to peanuts (� 3 mm
of negative control), and a peanut CAP-FEIA > 7 kUA/
L. The median age at enrollment was 5 years (range
2–10). Clinical and several immunological outcomes
have been published separately [30].

After enrollment, subjects were randomized in a 2 : 1
ratio to receive either partially defatted peanut flour
(Golden Peanut Company, Alpharetta, GA, USA) or pla-
cebo (oat flour). Eighteen of the subjects were random-
ized to receive active peanut treatment at the start of

the trial. The remaining ten subjects were randomized
to placebo. The peanut OIT protocol consisted of an Ini-
tial Escalation Day that was a modified rush desensiti-
zation starting at 0.1 mg of peanut protein or placebo.
This dose was doubled every 30 min until a 6 mg dose
was achieved. During the Buildup Phase, the peanut
or placebo dose was increased approximately every
2 weeks until a 4000 mg dose of peanut protein or pla-
cebo was reached. The goal maintenance dose was
4000 mg once daily. One month after reaching the
maintenance dose all subjects underwent a 5000 mg
double-blinded, placebo-controlled food challenge to
peanut. Upon completion of the challenge, the treat-
ment status was revealed. Those subjects on treatment
continued on the maintenance peanut dose. The sub-
jects on placebo were given the option to undergo
desensitization with open label peanut treatment.

At the time of this analysis, five of the placebo sub-
jects elected to start open label active treatment. Of the
23 subjects who received active treatment, three sub-
jects dropped out during build-up prior to a post-base-
line assessment of basophil reactivity. Two other
subjects had not completed their post-treatment chal-
lenge at the time of this analysis; in these cases treat-
ment status was revealed only for this mechanistic
analysis – subjects and clinical investigators remained
blinded. The median length of time on active therapy
was 168 days (1–826); the median length of time on
placebo therapy was 358.5 days (68–423). After the
baseline assessment, basophil activation was assessed a
median of 2 times (0–4) prior to unblinding, with a
median 182 day interval (84–392). For the entire study
(including the open phase), basophil activation was
assessed a median of 3 (1–7) times. The median interval
between assessments for the total study time was
119 days (68–326). Eleven subjects (39%) also had a
clinical diagnosis of egg allergy based on a history of
convincing clinical reactions and persistent sensitiza-
tion. All were strictly avoiding egg. Nine of eleven
received active peanut OIT treatment.

Reagents

RPMI 1640 with glutamine; N-formyl-methionyl-
leucyl-phenylalanine (fMLP) (Fisher Scientific, Pittsburgh,
PA, USA); Recombinant human IL-3 (R&D Systems,
Minneapolis, MN, USA); polyclonal rabbit anti-human
IgE antibody (Bethyl Laboratories, Montgomery, TX,
USA); EDTA (Promega Corp, Madison, WI); FACS lysing
solution (BD Biosciences, San Jose, CA, USA).

Antibodies

The following mAbs were used: FITC anti-CD63 (clone
H5C6, BD Biosciences), PE anti-CD203c (clone 97A6,
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Serotec, Oxford, UK), PE-Cy5 anti-CD123 (clone 9F5,
BD Biosciences), APC anti-CD41a (clone HIP8, BD Bio-
sciences), and PE-Cy7 anti-HLA-DR (clone L243, BD
Biosciences).

Assays for IgE and IgG4

Peanut- and egg-specific IgE, IgG and IgG4 levels were
measured in serum by using the ImmunoCAP 100
instrument (Phadia AB, Portage, MI, USA) according to
the manufacturer’s instructions.

Basophil activation

After overnight shipment to Mount Sinai, whole blood
(250 lL) was incubated with equal volumes of basophil
stimulation buffer (RPMI plus IL-3 at 2 ng/mL; IL-3
alone control) alone or with the addition of dilutions
of peanut antigen (from 1 9 101 to 1 9 10�5 lg/ml
total protein prepared from an aqueous extract of
defatted roasted peanuts diluted in PBS), dilutions of
egg antigen (1 9 100 to 1 9 10�3 lg/ml total protein
prepared from powdered egg white diluted in PBS),
anti-IgE antibody (0.5 lg/mL, positive control), or
fMLP (1 lM, IgE-independent positive control) at 37°C
for 30 min; RPMI alone was used as an additional neg-
ative control. The reaction was stopped with 50 lL of
cold PBS plus 20 mM EDTA. Cells were then stained
for expression of CD63, CD123, CD203c, CD41a and
HLA-DR at 4°C in the dark for 30 min, then washed
with cold PBS plus 0.5% BSA plus 2 mM EDTA. Red
cells were then lysed and WBC fixed with 4 mL of
FACS Lysing Solution to the cell pellet for 20 min at
room temperature.

Flow cytometry

Samples were analyzed on a BD LSRII flow cytometer.
Single-colour compensation samples were prepared
using antibody capture beads (BD Biosciences) accord-
ing to the manufacturer’s protocol. Fluorescence data
were acquired and autocompensated on a modified
LSR-II configured for seven colour parameters by using
FACS Diva software (version 4.0, BD Biosciences).
Basophils were identified as CD123 + CD203c+HLA-DR-
CD41a�. A minimum of 300 CD123 + CD203c+HLA-
DR-CD41a� events (i.e., basophils) were recorded for
each condition or the sample was excluded (83 of 1198
samples, 7%).

Statistical analysis

Values are presented as means and standard deviations.
Continuous variables were compared using Student’s
t-test and the chi-square test for categorical variables.

The outcome of interest was the change over time for
CD63 and CD203c between treatment and placebo by
stimulant. In particular, we hypothesized that the con-
trol group will remain unchanged over time while the
treatment group will decrease. This was accomplished
using a linear mixed effects model of the nlme package
in R analysis (lme function) [32] enabling us to take
into account the fact that the measurements were made
on the same participants over time and the open-label
design. The relationship between the CD63 and peanut
concentration was modelled by the modified four
parameter log-logistic regression model. The model was
fitted to data by nonlinear regression analysis (drm
function of the drc package) [33] where EC50 is the
concentration producing a response a halfway between
the minimum and maximum levels observed. Analyses
were performed using the R statistical computing envi-
ronment [34], P values smaller than 0.05 were consid-
ered significant.

Results

Peanut oral immunotherapy suppresses basophil
responsiveness to in vitro stimulation with peanut
allergen

At baseline, basophils incubated with RPMI or IL-3,
which was included with all other stimulants to prime
degranulation, expressed low levels of CD63 (< 1.5%
CD63high). CD63 expression at baseline was strongly
and equivalently upregulated in both treatment groups
by cross-linking the occupied high affinity IgE recep-
tors (FceRI) using the control stimulant, anti-human
IgE, the distinct G-coupled receptor for fMLP or with a
range of soluble peanut allergen concentrations from
10 lg/mL to 100 pg/mL (not shown).

Basophil responses were longitudinally assessed in
these subjects during active or placebo immunotherapy
treatment (see Methods). As shown in Fig. 1, in vitro
basophil reactivity to peanut allergen was strongly
and significantly suppressed from baseline across
the range of allergen stimulation concentrations (see
also Table S1). Maximal responses of ~40% CD63high

at 100 ng/mL were suppressed to ~ 10% over time
(P < 0.001). No significant changes in peanut-allergen
induced CD63 upregulation were observed in the pla-
cebo group over time (P = 0.34). In addition to sup-
pressing the maximal responses, basophil sensitivity
to in vitro stimulation was suppressed, as measured
by a shift in the half-maximal eliciting concentration
(EC50) by about 10-fold, from ~ 0.4 ng/mL to ~ 5 ng/
mL (Fig. 2). The reduced basophil reactivity to peanut
allergen coincided with an induction of peanut-
specific IgG4, but there was no change in specific IgE
(Fig. 3).
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Oral immunotherapy specifically suppresses
FceRI-induced upregulation of CD63

Active therapy not only suppressed basophil reactivity
to specific allergen (peanut), but it also significantly
suppressed upregulation of CD63 in response to cross-
linking of IgE with anti-human IgE (P < 0.001, Fig. 4).
There was no significant change in the placebo group.

Active therapy did not suppress basophil responsiveness
to fMLP (P = 0.19).

By study design, those subjects remaining on active
therapy during the open-label portion of the study
were on treatment longer than any subject that
received placebo. Additional data collected beyond the
placebo-controlled portion of the study are found in
Table S1. The findings with respect to basophil suppres-
sion are the same: CD63 upregulation by activation via
the IgE receptor with both peanut allergen and anti-IgE
was suppressed while activation by fMLP was not (not
shown).

Oral immunotherapy to peanut suppresses basophil
reactivity to a bystander allergen

We also measured egg allergen-induced basophil acti-
vation in those subjects with a history of clinical
reactivity to egg and persistent egg sensitization (11/
28, 39% of total subjects). Of those subjects, ten were
randomized to receive active peanut OIT treatment,
but two dropped out after the first visit. We therefore
analyzed the longitudinal change in basophil reactiv-
ity within the treated group. Although the subset of
egg-sensitized subjects was small and the response to

Fig. 1. Allergen-induced CD63 upregulation is suppressed by OIT. The distribution of percent CD63high basophils after in vitro stimulation from

subjects over time by treatment status during the blinded portion of the OIT study. Peanut, active treatment; Placebo, control treatment. Time

intervals are indicated in days and were chosen to include roughly equal numbers of assessments over time. Closed circles indicate mean percent

CD63high. Box plot represents the interquartile range (25th and 75th percentile) with a line indicating the median. Whiskers extend to 1.5 times

the interquartile range. Dashes represent the outliers. Closed circles and lines indicate the mean change over time. P0 = day 0, P1 = day 21–156,

P2 = day 157–423. *** for < 0.001, ** for < 0.01, * for < 0.05, and ns for � 0.05.

Fig. 2. Both the maximum response and sensitivity of allergen-induced CD63 upregulation is suppressed by OIT. The population fitted dose

response for CD63 upregulation by treatment group is shown over time in days (0, baseline; 21–156; 157–423) during the placebo-controlled

study period. Horizontal and vertical lines indicate half maximal and 50% eliciting dose, respectively, for each treatment group. Active treatment

is shown in blue; placebo is in red.

Fig. 3. Active OIT induces changes in peanut-specific IgG4. The pea-

nut-specific IgE and IgG4 levels were determined using the Phadia

UniCap system from samples matched to time points analyzed for

basophil reactivity. Box plot represents the interquartile range (25th

and 75th percentile) with a line indicating the median. Whiskers

extend to 1.5 times the interquartile range. Dashes represent the out-

liers.
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egg more variable, peanut OIT significantly suppressed
the in vitro basophil response to egg allergen at the
highest concentration (1 lg/mL; median CD63 high
expression from ~ 40% to < 10%, P < 0.05) and this
trend was evident at lower concentrations of egg allergen
stimulation as well (Fig. 5a). Within the egg sensitized
subgroup, the suppression of CD63 upregulation induced
by peanut (Fig. 5b) and anti-IgE (not shown) was compa-
rable to the overall group. Suppression of basophil acti-
vation by egg allergen in this subset of individuals was
not associated with any change in egg-specific IgE or
IgG4 (Fig. 6).

Oral immunotherapy also suppresses in vitro
upregulation of CD203c

CD203c is constitutively expressed by human basophils
and unlike CD63 is upregulated by IL-3 alone [18, 20,
21] and further upregulated by FceRI and fMLP receptor
stimulation. We found that the expression of CD203c
following in vitro stimulation with IL-3 alone or
together with anti-IgE, allergen or fMLP was also sup-
pressed by peanut OIT (Fig. 7). There was no change in
the ex vivo CD203c expression as seen in the RPMI
control condition.

Fig. 4. Allergen OIT suppresses polyclonal anti-IgE- but not fMLP-induced CD63 upregulation. The distribution of percent CD63high basophils after

in vitro stimulation from subjects over time by treatment status during the blinded portion of the OIT study. Anti-IgE w/IL-3, 0.5 lg/mL poly-

clonal rabbit anti-human IgE with 2 ng/mL human recombinant IL-3; fMLP, 1 lM N-formyl-methionyl-leucyl-phenylalanine with IL-3; IL-3 alone

at the same 2 ng/mL concentration; Medium alone is RPMI. Time intervals are indicated in days and were chosen to include roughly equal num-

bers of assessments over time. Box plot represents the interquartile range (25th and 75th percentile) with a line indicating the median. Whiskers

extend to 1.5 times the interquartile range. Dashes represent the outliers. Closed circles and lines indicate the mean change over time. P0 = day 0,

P1 = day 21–156, P2 = day 157–423. *** for < 0.001, ** for < 0.01, * for < 0.05, and ns for � 0.05.

(a)

(b)

Fig. 5. Allergen OIT suppresses bystander allergen-induced CD63 upregulation. The distribution of percent CD63high basophils after in vitro stimu-

lation from egg-allergic subjects (n = 8) receiving active treatment over time. (a) CD63 upregulation induced by egg white allergen (EGG1–4) at

indicated concentrations. (b) CD63 upregulation induced by peanut allergen as in Figure 2 limited to the nine egg sensitized subjects. Box plot

represents the interquartile range (25th and 75th percentile) with a line indicating the median. Whiskers extend to 1.5 times the interquartile

range. Dashes represent the outliers. Closed circles and lines indicate the mean change over time. P0 = day 0, P1 = day 21–156, P2 = day 157–
423, P3 = day 424–827. *** for < 0.001, ** for < 0.01, * for < 0.05, and ns for � 0.05.
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Discussion

Successful immunomodulatory therapy may theoreti-
cally prevent mediator release from effector cells such
as basophils by suppressing signalling events upstream
or at various stages downstream of IgE binding. Induc-
tion of allergen-specific IgG, which occurs during both
subcutaneous and oral immunotherapy may competi-
tively inhibit allergen interaction with cell-bound IgE
(upstream) or lead to co-ligation of FccRIIb inhibitory
receptors with FceRI (early downstream) and both of
these mechanisms induce allergen-specific suppression

of effector cells due to the specificity of the inhibitory
IgG [35, 36].

Several very general mechanisms of cellular adapta-
tion downstream of repeated receptor stimulation have
also been demonstrated to occur in basophils and/or
mast cells in vitro and these vary in degree of specific-
ity from highly allergen-specific, to pathway but not
allergen-specific [31, 37]. Our data suggest that OIT
may induce basophil anergy – a pathway-specific, but
antigen non-specific, refractory state that is inducible
in vitro by FceRI stimulation [31]. CD63 (LAMP-3)
upregulation is a marker of basophil granule fusion
to the plasma membrane during degranulation [20].
Consistent with anergy, CD63 upregulation that was
induced by specific allergen stimulation as well as non-
specific stimulation with anti-IgE and bystander aller-
gen was suppressed by active OIT, while fMLP-induced
CD63 upregulation remained unaffected. A testable con-
sequence of FceRI-stimulation induced anergy would be
an expected loss of Syk expression [38], and we plan to
evaluate this in future mechanistic studies.

Consistent with previous reports, our data (Fig. 7)
demonstrate that CD203c is both constitutively
expressed and further upregulated following activation
[39]. The regulation of CD203c expression has been dis-
tinguished from CD63 in numerous ways including by
kinetics, pharmacological inhibitors and the capacity of
IL-3 to independently induce its expression [18, 22, 40].
Treatment with peanut OIT suppresses the IL-3 induced

Fig. 6. Active OIT induced no changes in egg-specific IgG4 or IgE.

The egg-specific IgE and IgG4 levels were determined using the Pha-

dia UniCap system from samples matched to time points analyzed for

basophil reactivity. Box plot represents the interquartile range (25th

and 75th percentile) with a line indicating the median. Whiskers

extend to 1.5 times the interquartile range. Dashes represent the

outliers.

(a)

(b)

Anti-lgE w/ lL-3

Fig. 7. Expression of CD203c on basophils over time. The distribution of CD203c median fluorescence (MFI) on basophils after in vitro stimulation

of study subject basophils over time by treatment status. (a) CD203c expression of basophils stimulated with control stimulants as indicated above

each panel. (b) CD203c expression of basophils stimulated with peanut allergen. Box plot represents the interquartile range (25th and 75th percen-

tile) with a line indicating the median. Whiskers extend to 1.5 times the interquartile range. Dashes represent the outliers. Closed circles and lines

indicate the mean change over time. P0 = day 0, P1 = day 21–156, P2 = day 157–423, P3 = day 424–827. *** for < 0.001, ** for < 0.01, * for

< 0.05, and ns for � 0.05. IL-3, 2 ng/mL recombinant human IL-3; anti-IgE, 0.5 lg/mL anti-human IgE with IL-3; 1 lM fMLP, N-formyl-methio-

nyl-leucyl-phenylalanine with IL-3; PN1-6, 1 9 101 to 1 9 10�4 lg/mL total peanut protein with IL-3.
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CD203c upregulation to the level of resting basophils.
Given a recent report that the IL-3 receptor complex
includes the ITAM-containing FcRc chain [41], reduced
expression of Syk following FceRI stimulation could
theoretically be involved in both the suppression of
CD63 upregulation downstream of FceRI stimulation as
well as the suppression of IL-3 induced upregulation of
CD203c. To our knowledge, Syk dependence of CD203c
upregulation downstream of IL-3 stimulation has not
been shown, though it has been reported that IL-3
induced IL-13 expression is not sensitive to the Btk
inhibitor, PCI-32765 [40] and that IL-3 does not signifi-
cantly affect Syk phosphorylation [42]. Because IL-3
directly induces CD203c upregulation and because we
chose, as is often done, to include it as a priming agent
with all stimulants when this study was designed, we
cannot now determine whether peanut OIT indepen-
dently suppresses CD203c upregulation induced by
allergen, anti-IgE or fMLP. It must also be noted that it
is possible that OIT suppression of CD63 upregulation
may be due to an effect on IL-3 signalling that is spe-
cific to its priming of the IgE pathway. However, IL-3
primes basophil degranulation induced by multiple se-
cretagogues including anti-IgE, fMLP, C5a and calcium
ionophore and, given the differences of the signalling
pathways involved, is thought to effect common distal
signalling mediators [43]. Based on this, we believe that
our data are most consistent with the interpretation that
peanut OIT suppresses FceRI signalling.

A significant limitation of the current study is our
inability to correlate basophil reactivity and suppression
with clinical responsiveness to OIT, due to a lack of pre-
treatment challenge data, and an unanticipated absence
of post-treatment response variability due to the fact
that all active treatment subjects tolerated the final
5000 mg challenge dose. In a previously published study
of milk allergic subjects, an association was found
between clinical sensitivity and basophil reactivity,

and in that study IgE pathway-specific suppression of
basophils was also observed among individuals tolerat-
ing chronic oral exposure of milk in the diet [27].

In conclusion, we show here evidence supporting the
hypothesis that peanut OIT induced pathway-specific
basophil anergy, suggesting a novel mechanism that
together with other established immunomodulatory
effects including the induction of specific IgG and
changes in antigen-specific T cell phenotypes may con-
tribute to clinical desensitization. The sum of these
changes on the clinical response may be purely aller-
gen-specific. However, if chronic allergen exposure
induces pathway anergy, there may be a measure of
clinical non-specificity with high dose continuous aller-
gen exposure that has not been adequately examined. If
basophil responses are blunted at least in part due to
anergy, and not only secondary to the induction of
allergen-specific IgG, this indicates that basophils are
directly engaging with allergen via specific IgE in vivo.
Data in murine models support a role for basophils in
capturing low concentrations of antigen and modulat-
ing B and T cell immunity [11–14, 44]. Whether or not
they can function as primary APCs [45, 46] – if they
are directly interacting with allergen, their participation
in the immune response during OIT deserves further
exploration.
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6 Bock SA, Muñoz-Furlong A, Sampson

HA. Fatalities due to anaphylactic reac-

tions to foods. J Allergy Clin Immunol

2001; 107:191–3.

7 Järvinen KM, Amalanayagam S, Shref-

fler WG et al. Epinephrine treatment is

infrequent and biphasic reactions are

rare in food-induced reactions during

oral food challenges in children.

J Allergy Clin Immunol 2009; 124:

1267–72.
8 Chafen JJS, Newberry SJ, Riedl MA

et al. Diagnosing and managing

common food allergies: a system-

atic review. JAMA 2010; 303:1848–
56.

9 Gibbs BF. Human basophils as effec-

tors and immunomodulators of allergic

inflammation and innate immunity.

Clin Exper Med 2005; 5:43–9.

© 2012 Blackwell Publishing Ltd, Clinical & Experimental Allergy, 42 : 1197–1205

Evidence that oral immunotherapy induces basophil anergy 1203



10 Schroeder JT, MacGlashan DW, Lich-

tenstein LM. Human basophils: media-

tor release and cytokine production.

Adv Immunol 2001; 77:93–122.
11 Denzel A, Maus UA, Gomez MR et al.

Basophils enhance immunological

memory responses. Nat Immunol 2008;

9:733–42.
12 Karasuyama H, Mukai K, Tsujimura Y,

Obata K. Newly discovered roles for

basophils: a neglected minority gains

new respect. Nat Rev Immunol 2009;

9:9–13.
13 Kim S, Shen T, Min B. Basophils can

directly present or cross-present anti-

gen to CD8 lymphocytes and alter CD8

T cell differentiation into IL-10-pro-

ducing phenotypes. J Immunol 2009;

183:3033–9.
14 Sokol CL, Chu N, Yu S, Nish SA,

Laufer TM, Medzhitov R. Basophils

function as antigen-presenting cells for

an allergen-induced T helper type 2

response. Nat Immunol 2009; 10:

713–20.
15 Eckman JA, Sterba PM, Kelly D et al.

Effects of omalizumab on basophil and

mast cell responses using an intranasal

cat allergen challenge. J Allergy Clin

Immunol 2010; 125:889–895.
16 Sampson HA, Broadbent KR, Bernhi-

sel-Broadbent J. Spontaneous release

of histamine from basophils and hista-

mine-releasing factor in patients with

atopic dermatitis and food hypersensi-

tivity. N Engl J Med 1989; 321:

228–32.
17 Sampson HA, Jolie PL. Increased plasma

histamine concentrations after food

challenges in children with atopic der-

matitis. N Engl J Med 1984; 311:372–6.
18 Hennersdorf F, Florian S, Jakob A

et al. Identification of CD13, CD107a,

and CD164 as novel basophil-activa-

tion markers and dissection of two

response patterns in time kinetics of

IgE-dependent upregulation. Cell Res

2005; 15:325–35.
19 Dvorak AM. Ultrastructural studies of

human basophils and mast cells.

J Histochem Cytochem 2005; 53:1043–
70.

20 Knol EF, Mul FP, Jansen H, Calafat J,

Roos D. Monitoring human basophil

activation via CD63 monoclonal anti-

body 435. J Allergy Clin Immunol

1991; 88:328–38.
21 Bühring HJ, Seiffert M, Giesert C et al.

The basophil activation marker defined

by antibody 97A6 is identical to the

ectonucleotide pyrophosphatase/phos-

phodiesterase 3. Blood 2001; 97:

3303–5.
22 MacGlashan D. Expression of CD203c

and CD63 in human basophils: rela-

tionship to differential regulation of

piecemeal and anaphylactic degranula-

tion processes. Clin Exp Allergy 2010;

40:1365–77.
23 Falcone FH, Telford G, Hooi D et al.

Antigen-driven basophil activation is

indicative of early Necator americanus

infection in IgE-seronegative patients.

J Allergy Clin Immunol 2009; 124:

1343–50.
24 Gober LM, Eckman JA, Sterba PM

et al. Expression of activation markers

on basophils in a controlled model of

anaphylaxis. J Allergy Clin Immunol

2007; 119:1181–8.
25 Lourenço FD, Azor MH, Santos JC

et al. Activated status of basophils in

chronic urticaria leads to interleukin-3

hyper-responsiveness and enhancement

of histamine release induced by anti-

IgE stimulus. Br J Dermatol 2008;

158:979–86.
26 Ono E, Taniguchi M, Higashi N et al.

CD203c expression on human basoph-

ils is associated with asthma exacerba-

tion. J Allergy Clin Immunol 2010;

125:483–489.
27 Wanich N, Nowak-Wegrzyn A, Samp-

son HA, Shreffler WG. Allergen-spe-

cific basophil suppression associated

with clinical tolerance in patients with

milk allergy. J Allergy Clin Immunol

2009; 123:789–94.
28 Blumchen K, Ulbricht H, Staden U

et al. Oral peanut immunotherapy in

children with peanut anaphylaxis.

J Allergy Clin Immunol 2010; 126:83–
91.e1

29 Jones SM, Pons L, Roberts JL et al.

Clinical efficacy and immune regula-

tion with peanut oral immunotherapy.

J Allergy Clin Immunol 2009; 124:

292–300, 300.e1–97.
30 Varshney P, Jones SM, Scurlock AM

et al. A randomized controlled study

of peanut oral immunotherapy: clinical

desensitization and modulation of the

allergic response. J Allergy Clin Immu-

nol 2011; 127:654–60.
31 MacGlashan DW, Vilariño N. Nonspe-

cific desensitization, functional mem-

ory, and the characteristics of SHIP

phosphorylation following IgE-medi-

ated stimulation of human basophils. J

Immunol 2006; 177:1040–51.

32 Pinheiro J, Bates DM. Mixed-effects

models in S and S-Plus. In: Chambers

J, Eddy W, eds. Statistics and comput-

ing. New York: Springer Verlag, 2000.

33 Ritz C, Streibig JC. Bioassay analysis

using R. J Stat Softw 2005; 12:1–22.
34 R Development Core Team. R: A lan-

guage and environment for statistical

computing. ISBN. 2011. 3-900051-07-0.

35 Kepley CL, Cambier JC, Morel PA et al.

Negative regulation of FcepsilonRI sig-

naling by FcgammaRII costimulation

in human blood basophils. J Allergy

Clin Immunol 2000; 106:337–48.
36 Scadding GW, Shamji MH, Jacobson

MR et al. Sublingual grass pollen

immunotherapy is associated with

increases in sublingual Foxp3-express-

ing cells and elevated allergen-specific

immunoglobulin G4, immunoglobulin

A and serum inhibitory activity for

immunoglobulin E-facilitated allergen

binding to B cells. Clin Exp Allergy

2010; 40:598–606.
37 Sancho-Serra MDC, Simarro M, Cas-

tells M. Rapid IgE desensitization is

antigen specific and impairs early and

late mast cell responses targeting FceRI
internalization. Eur J Immunol 2011;

41:1004–13.
38 Kepley CL. Antigen-induced reduction

in mast cell and basophil functional

responses due to reduced Syk protein

levels. Int Arch Allergy Immunol 2005;

138:29–39.
39 Hauswirth AW, Sonneck K, Florian S

et al. Interleukin-3 promotes the expres-

sion of E-NPP3/CD203C on human

blood basophils in healthy subjects and

in patients with birch pollen allergy. Int

J Immunopathol Pharmacol 2007;

20:267–78.
40 MacGlashan D, Honigberg L, Smith A,

Buggy J, Schroeder JT. Inhibition of

IgE-mediated secretion from human

basophils with a highly selective Bru-

ton’s tyrosine kinase, Btk, inhibitor. Int

Immunopharmacol 2011; 11:475–9.
41 Hida S, Yamasaki S, Sakamoto Y et al.

Fc receptor gamma-chain, a constitu-

tive component of the IL-3 receptor, is

required for IL-3-induced IL-4 produc-

tion in basophils. Nat Immunol 2009;

10:214–22.
42 Vilariño N, Miura K, MacGlashan DW.

Acute IL-3 priming up-regulates the

stimulus-induced Raf-1-Mek-Erk cas-

cade independently of IL-3-induced

activation of Erk. J Immunol 2005;

175:3006–14.

© 2012 Blackwell Publishing Ltd, Clinical & Experimental Allergy, 42 : 1197–1205

1204 A. Thyagarajan et al



43 Lyngholm JM, Nielsen HV, Holm M,

Schiøtz PO, Johnsen AH. Calreticulin is

an interleukin-3-sensitive calcium-

binding protein in human basophil

leukocytes. Allergy 2001; 56:21–8.
44 Charles N, Hardwick D, Daugas E, Illei

GG, Rivera J. Basophils and the T

helper 2 environment can promote the

development of lupus nephritis. Nat

Med 2010; 16:701–7.
45 Hammad H, Plantinga M, Deswarte K

et al. Inflammatory dendritic cells–not
basophils–are necessary and sufficient

for induction of Th2 immunity to

inhaled house dust mite allergen. J Exp

Med 2010; 207:2097–111.
46 Tang H, Cao W, Kasturi SP et al. The T

helper type 2 response to cysteine pro-

teases requires dendritic cell-basophil

cooperation via ROS-mediated signal-

ing. Nat Immunol 2010; 11:608–17.

Supporting Information

Additional Supporting Information may be found in
the online version of this article:

Table S1. %CD63hi

Please note: Wiley-Blackwell are not responsible for
the content or functionality of any supporting materials
supplied by the authors. Any queries (other than miss-
ing material) should be directed to the corresponding
author for the article.

© 2012 Blackwell Publishing Ltd, Clinical & Experimental Allergy, 42 : 1197–1205

Evidence that oral immunotherapy induces basophil anergy 1205



Supplemental Table 1: %CD63hi

Placebo Peanut Interaction

P between
groups

Day 0

n=8

Day 21 to 156

n=7

Day 157 to 423

n=11

Trend

P

Day 0

n=15

Day 21 to 156

n=20

Day 157 to 423

n=18

Day 424 to 827

n=10

Trend

P

Peanut

101 μg/mL 35.9 (22.4) 19.5 (14.7) 28.2 (20.5) 0.37 36.5 (22.1) 23.1 (25.9) 14.8 (15.4) 5.63 (5.44) <0.001 0.11

100 μg/mL 34.6 (25.2) 20.3 (16.2) 28.8 (21.5) 0.41 38.4 (23.4) 21.1 (22.8) 11.8 (13.7) 3.09 (3.38) <0.001 <0.05

10-1 μg/mL 42.7 (27.9) 24.5 (22.6) 32.5 (25.0) 0.10 40.5 (21.7) 17.3 (19.0) 10.2 (10.0) 2.09 (1.94) <0.001 0.10

10-2 μg/mL 32.6 (24.6) 15.1 (16.7) 24.5 (20.5) 0.22 28.3 (19.5) 7.63 (10.0) 4.87 (6.25) 1.01 (1.06) <0.001 0.16

10-3 μg/mL 6.20 (4.86) 4.43 (6.08) 10.4 (10.4) 0.42 14.0 (19.0) 2.17 (3.28) 2.03 (4.52) 0.44 (0.86) <0.001 <0.05

10-4 μg/mL 3.42 (4.58) 1.35 (0.92) 3.86 (7.30) 0.87 10.2 (21.5) 1.66 (4.36) 0.71 (0.87) 0.88 (1.46) <0.01 0.10

anti-IgE w/ IL-3 31.5 (23.3) 14.9 (13.2) 23.6 (22.2) 0.14 29.2 (22.4) 15.8 (18.2) 11.2 (14.1) 3.74 (6.61) <0.001 0.08

fMLP w/ IL-3 56.0 (20.3) 34.2 (20.0) 49.9 (24.0) 0.87 35.5 (28.3) 35.5 (25.9) 24.4 (20.3) 18.1 (15.6) 0.19 0.57

IL−3 alone 1.32 (0.91) 0.69 (0.51) 3.37 (7.07) 0.89 1.34 (1.88) 1.79 (5.78) 0.64 (0.67) 0.67 (1.39) 0.42 0.47

Medium alone 0.41 (0.46) 0.38 (0.31) 1.06 (1.51) 0.47 0.39 (0.43) 0.44 (0.43) 0.47 (0.55) 0.65 (1.08) 0.36 0.53

Egg†

100 μg/mL 18.3 (24.1) 3.98 (6.19) 7.09 (9.14) 5.58 (8.69) <0.05

10-1 μg/mL 18.5 (26.0) 2.88 (4.28) 7.94 (11.5) 4.75 (6.00) <0.05



10-2 μg/mL 12.0 (21.9) 1.61 (3.85) 7.14 (11.2) 3.12 (4.85) 0.17

10-3 μg/mL 5.77 (14.7) 1.52 (4.13) 2.64 (6.29) 2.77 (7.82) 0.91

Descriptive statistics are means (standard deviations). The p-value for trend is computed from a linear mixed model with group, time and group by time
as fixed effects and a random intercept to account for the within-subject correlation over time. † Only egg allergic individuals.
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