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Background: Grass pollen immunotherapy for allergic rhinitis
is a disease-modifying treatment that results in long-term
clinical tolerance lasting years after treatment discontinuation.
Active treatment is associated with generation of inhibitory
grass pollen–specific IgG antibodies capable of blocking
allergen-IgE interactions.
Objectives: We sought to investigate the involvement of
IgG-associated inhibitory antibodies with long-term clinical
tolerance after discontinuation of grass pollen immunotherapy.
Methods: We conducted a 4-year study in which patients who had
moderate-to-severe allergic rhinitis underwent a randomized,
double-blind, placebo-controlled discontinuation of
subcutaneous grass pollen immunotherapy. All subjects received
grass pollen immunotherapy injections for 2 years (n 5 13),
followed by a further 2 years of either active (n 5 7) or placebo
(n5 6) injections. Clinical outcomes included seasonal symptoms
and use of rescue medication. Serum specimens were collected at
baseline and after 2 and 4 years for quantification of allergen-
specific IgG antibodies. Sera were also tested for IgG-dependent
inhibitory bioactivity against IgE-allergen binding in cellular
assays by using flow cytometry and confocal microscopy to detect
binding of IgE–grass pollen allergen complexes to B cells.
Results: Clinical improvement was maintained after 2 years of
discontinuation. Although immunotherapy-induced grass
pollen–specific IgG1 and IgG4 levels decreased to near-
preimmunotherapy levels during discontinuation, inhibitory
bioactivity of allergen-specific IgG antibodies was maintained
unchanged.
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Conclusion: Grass pollen immunotherapy induces a
subpopulation of allergen-specific IgG antibodies with
potent inhibitory activity against IgE that persists
after treatment discontinuation and that could account for
long-term clinical tolerance. (J Allergy Clin Immunol
2011;127:509-16.)
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Grass pollen allergy affects up to a quarter of the population in
many Western countries and represents a major economic,
societal, and health burden.1-3 In general, avoidance of exposure
to grass pollen is not possible during the summer months. Al-
though pharmacotherapy is often effective, almost half of pa-
tients show a poor response to conventional treatments.4,5 In
these subjects grass pollen–specific immunotherapy (desensitiza-
tion) can be highly effective.6,7 A remarkable feature of immuno-
therapy is the induction of long-term antigen-specific tolerance,
namely persisting clinical desensitization to grass pollen even af-
ter immunotherapy is discontinued. We previously showed that 3
or 4 years of grass pollen immunotherapy results in continuing
clinical remission and reduced responsiveness in allergen
challenge tests for at least 3 years after placebo-controlled
discontinuation.8

Grass pollen immunotherapy induces vigorous allergen-
specific IgG antibody responses within 2 to 3 months of starting
injections, with levels of the IgG4 isotype showing the greatest
proportionate increase.9 These antibodies directly inhibit IgE-
dependent histamine release and antigen presentation to T cells
mediated through high-affinity (FceRI) and low-affinity (FceRII)
receptors, respectively.10,11 This inhibition probably occurs
through direct competition for IgE-allergen binding by IgG iso-
types. Antibodies, especially IgG4, are likely produced by B cells
under the influence of allergen-specific regulatory T cells,12-14

which appear early during immunotherapy.9 The mechanisms as-
sociated with long-term clinical tolerance after immunotherapy
discontinuation treatment are unknown.
We tested the hypothesis that persistence of functional

allergen-specific IgG antibodies is responsible for long-term
clinical tolerance after immunotherapy is discontinued. In a
placebo-controlled study of grass pollen immunotherapy discon-
tinuation, we examined clinical outcomes, allergen-specific IgE
and IgG levels, and measurements of inhibitory serum IgG-
dependent bioactivity against IgE in validated assays. We report
that allergen-specific IgG1 and IgG4 levels decrease to near-
preimmunotherapy baseline levels after 2 years of vaccine
discontinuation. However, the overall functional inhibitory ac-
tivity against IgE mediated by the residual IgG is almost
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completely maintained, suggesting a possible mechanism for
long-term tolerance to grass pollen.
METHODS

Subjects
All subjects were selected on the basis of moderate-to-severe seasonal

allergic rhinitis and poor symptom control in previous years despite regular

medication use. Subjects had a positive skin prick test response (wheal >5

mm) to Phleum pratense grass pollen extract (ALK Soluprick; ALK-Abell�o,

Hørsholm, Denmark). Patients were excluded if they had a clinical history

of other allergies, chronic asthma, or another significant medical illness. Pa-

tients with positive skin test responses to other allergens in the absence of

symptoms on exposure to the relevant allergen or allergens were not excluded.

Patients with mild seasonal asthma were included, provided their symptoms

were adequately controlled with inhaled b2-adrenergic agonist bronchodila-

tors. The study protocol was approved by the Royal Brompton and Harefield

Hospitals NHS Trust Ethics Committee. All subjects provided written in-

formed consent.
Study design
Forty-four subjects were recruited before the pollen season, and clinical

parameters were monitored during a baseline season. Twenty-two subjects

were randomized to receive Alutard SQ grass pollen extract according to a

modified cluster regimen of injections, as previously described.15 Briefly, par-

ticipants attended twice weekly for 4 weeks for updosing injections followed

by monthly maintenance injections for a 2-year period at a dose of 100,000

standard quality units ofPpratense adsorbedwith aluminumhydroxide,which

is equivalent to 20mg ofmajor allergen (Phl p 5). Placebo-treated subjects (n5
22) received injections containing 0.01 mg/mL histamine. Thirteen of the 22

participants who had received active therapy then consented to take part in a

randomized controlled trial of immunotherapy discontinuation (Fig 1). There

was no difference in seasonal symptom scores during year 2 for those 13 sub-

jects who consented to continue to the double-blind withdrawal phase com-

pared with the total 22 participants who received active immunotherapy

during years 1 and 2. Participants were randomized in double-blind fashion

to continue active immunotherapy (n 5 7) or to receive placebo injections

(n 5 6) for a further 2 years. The 2 groups were well matched at baseline

(Table I). Subjects kept diary cards to record symptom scores and medication

use for each pollen season throughout the study.15 Individual symptoms in the

nose, eye, throat, and chest were each scored daily on a scale of 0 to 3 (none,

mild, moderate, and severe, respectively). Each use of rescue medication was

recorded daily and scored as either 1 (per use of each sodium cromoglycate eye

drop or sodium cromoglycate nasal spray or each salbutamol inhalation from a

metered-dose inhaler) or 2 (per use of each short-acting antihistamine tablet

[acrivastine, 8 mg] or 5-mg prednisolone tablet).
Immunologic tests
The antibodies used in this study are described in the Methods section of

this article’s Online Repository at www.jacionline.org. Serum total and spe-

cific IgE levels weremeasured by using an immunoenzymatic assay (Immuno-

CAP; Phadia AB, Uppsala, Sweden). Serum allergen-specific IgG4 antibodies

were measured by using an ELISA with 5 mg/mL P pratense extract (ALK-

Abell�o) for capture.9 The IgE-dependent facilitated allergen binding (IgE-

FAB) assay was performed, as previously described,16 to assess the inhibitory

bioactivity of sera against allergen-IgE complex formation. Briefly, allergen-

IgE complexes were formed by incubating 20 mL of sera containing high con-

centrations ofP pratense–specific IgE (>100 IU/mL)with 1mg/mLP pratense
extract in the presence or absence of 20 mL of sera (taken from participants

before and at intervals after immunotherapy) for 1 hour at 378C. Complexes

were then incubated with 100,000 EBV-transformed human B cells for

1 hour on ice, and binding of complexes to B cells was quantified either by

means of flow cytometry (FACSCalibur flow cytometer; Becton Dickinson,

Franklin Lakes, NJ) or confocal laser scanning microscopy (Zeiss LSM-

510; Carl Zeiss, Thornwood, NY). Surface-bound IgE-allergen complexes

were detected either directlywith a fluorescently conjugated anti-IgE antibody

or indirectly by staining with a fluorescently conjugated anti-CD23 antibody

and observing IgE-allergen complex–dependent surface CD23 aggregation

(‘‘beading,’’ Fig 2 and see Fig E1 in this article’s Online Repository at

www.jacionline.org). Further methodological details are available in the

Methods section of this article’s Online Repository.

To determinewhether the contribution of IgG4 to inhibitory bioactivity was

affected by immunotherapy discontinuation, IgG4 was depleted from serum

samples bymeans of passage over an anti-IgG4 Sepharose column (MH164-4;

CLB, Amsterdam, The Netherlands), with depletion confirmed by using an

ELISA for allergen-specific IgG4 and nephelometry (BN-ProSpec Nephe-

lometer; Dade Behring, Marburg, Germany) for total IgG4 (see Table E1 in

this article’s Online Repository at www.jacionline.org). Inhibitory bioactivity

against IgE-allergen complex formation and binding to B cells was also tested

by using freshly isolated B cells from allergic subjects in place of CD23-

enriched EBV-transformed B cells. For this purpose, PBMCs were isolated

by means of density gradient centrifugation (Histopaque-1077; Sigma-

Aldrich, St Louis, Mo) of whole blood, and B cells were isolated by means

of negative selection with magnetically labeled microbeads (MACSTM B

Cell Isolation Kit II; Miltenyi Biotech, Auburn, Calif).
Statistics
Between-group comparisons were performed with the Mann-Whitney

U test, and within-group comparisons were performed with the Wilcoxon

matched-pairs signed-rank test. Correlations between symptom and medica-

tion scores and sera inhibitory activity were assessed by calculating the Spear-

man rank correlation coefficient. The statistical software package used was

GraphPad Prism, version 4 (GraphPad Software, Inc, La Jolla, Calif). P values

of less than 5% were considered significant.
RESULTS

Persistence of clinical benefit 2 years after

discontinuation of grass pollen immunotherapy
Thirteen patients who had received 2 years of treatment as part

of a clinical trial15 underwent randomized, double-blind discon-
tinuation of therapy to investigate the mechanisms associated
with long-term tolerance after grass pollen immunotherapy (Fig
1, B). The patients who underwent placebo-controlled discontin-
uation (n5 6) were well matched with those who continued to re-
ceive active immunotherapy (n 5 7) for age, sex, wheal size in
response to grass pollen skin prick testing at enrollment, baseline
visual analog symptom scores, and baseline bronchial hyperreac-
tivity to methacholine (PC20; Table I). Combined rhinitis symp-
tom and medication scores for both the maintenance and
discontinuation groups were temporally related to pollen counts
(Fig 1, A), remained low, and were similar to those recorded dur-
ing the preceding 3 years (Fig 3, A). Thus clinical tolerance was
maintained after the 2 years of immunotherapy discontinuation.
Immunoreactive grass pollen–specific antibodies

after discontinuation of treatment
Sera collected after 2 years of immunotherapy revealed

increases in the levels of grass pollen–specific IgG1 (Fig 3, C)
and IgG4 (Fig 3, D) in both those patients who subsequently
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TABLE I. Baseline demographic data

4-y IT (n 5 7),

median (IQR)

2-y IT 1 2-y placebo

(n 5 6), median (IQR)

Age (y) 33 (32-36) 35 (30-37)

Sex (male/female) 4/3 4/2

Skin prick test (mm2) 49.0 (25.0-61.0) 50.0 (45.0-58.0)

Allergen-specific IgE

(Phl p 1 and

Phl p 5; kU/L)

26.6 (19.2-56.4) 31.9 (8.7-100)

Total IgE (kU/L) 133.5 (23.2-320.8) 375.5 (118.3-734.0)

Visual analog score 3.75 (1.60-5.80) 3.35 (3.08-3.63)

Methacholine PC20 6.0 (3.2-15.0) 3.75 (2.63-13.2)

Subjects who received 4 years of immunotherapy were matched at baseline with those

who received 2 years of immunotherapy plus 2 years of placebo for age, sex, grass

pollen skin test response size, symptom scores, and levels of airway methacholine

responsiveness.

IT, Immunotherapy.

FIG 1. Study design and pollen counts. A, Weekly average grass pollen

counts. B, Forty-four patients with hay fever were monitored for 1 pollen

season and then randomized to receive subcutaneous allergen-specific

immunotherapy or placebo injections for 2 years. Thirteen patients who

received active treatment consented to a further 2-year, randomized,

double-blind discontinuation of immunotherapy.
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went on to receive a further 2 years’ immunotherapy (IgG1, me-
dian 13-fold increase: interquartile range [IQR], 7.0-76.0 [P 5
.03]; IgG4, median 173-fold increase: IQR, 6.4-203.0 [P 5
.03]) and those who underwent placebo-controlled discontinua-
tion (IgG1, median 56-fold increase: IQR, 21.5-179.2 [P 5
.03]; IgG4, median 76-fold increase: IQR, 28.5-151.4 [P5 .03]).
In contrast, titers of both grass pollen–specific IgG subclasses

were dissociated from clinical outcomes after immunotherapy
discontinuation. After 2 years of discontinuation, grass pollen–
specific IgG4 levels decreased from their peak (median change,
81%; IQR, 76.2-86.1 [P5 .03]) in contrast to the levels in patients
who continued with immunotherapy, which were mostly un-
changed (median, 3.7%; IQR, 265.9 to 38.8 [P 5 .9]; Fig 3,
D). Despite the marked decrease in allergen-specific IgG4 levels
during discontinuation, the levels still remained higher than base-
line preimmunotherapy levels (P 5 .03). A similar pattern of re-
sponses was observed for IgG1 (Fig 3, C).

Subjects werematched for total and allergen-specific IgE levels
(Table I) at baseline. IgE levels did not change significantly at 2
years for either group, but allergen-specific IgE levels decreased
at 4 years after continued immunotherapy (P <.03), whereas in the
withdrawal group IgE levels remained unchanged (Table II).
Inhibitory activity of IgG antibodies persists after

stopping immunotherapy
The inhibitory bioactivity of sera was examined by measuring

its ability to block IgE–grass pollen complex binding in cellular
assays.16 Blocking of IgE–grass pollen allergen complex binding
to the low-affinity IgE receptor CD23 (FceRII) on the surface of
EBV-transformed B cells as surrogate antigen-presenting cells
was quantified by means of either flow cytometry or confocal mi-
croscopy. In all patients tested sera collected after 2 years of im-
munotherapy inhibited binding of IgE-allergen complexes to
B cells, as detected both by means of flow cytometry (Fig 3,
B and E) and confocal microscopy (Fig 4, A and B), when com-
pared with baseline serum collected before starting
immunotherapy (P5 .03 in all cases). In the case of confocal mi-
croscopy, abrogation of IgE–grass pollen allergen complex bind-
ing to B cells by sera from patients receiving immunotherapy was
also associated with disruption of surface CD23 aggregates (ie,
beading) and restoration of a linear homogenous distribution
(Fig 4, C and D). Inhibitory activity of sera from patients receiv-
ing immunotherapy could also be demonstrated in assays by using
freshly isolated B cells in place of CD23-enriched EBV-trans-
formed B cells, confirming that the latter are representative of un-
transformed native B cells (see Fig E2 in this article’s Online
Repository at www.jacionline.org).
Next, the inhibitory activity of sera after immunotherapy

discontinuation was examined. At the end of year 4 after the
placebo-controlled 2-year discontinuation phase, changes in
serum inhibitory activity did not significantly differ between
patients who continued or discontinued the therapy (Figs 3, B and
E, and 4, A and B). Thus clinical tolerance paralleled maintenance
of serologic inhibitory activity and was clearly dissociated from
the absolute levels of grass pollen–specific IgG1 and IgG4
(Fig 3, C and D). Analyzing all patients at the end of the study,
the magnitude of inhibition of allergen-IgE binding to B cells cor-
related inversely with combined symptom and medication scores
(Spearman coefficient of correlation: r 5 20.65, P 5 .02).
Allergen-specific IgG4 antibodies have been shown to account

for the majority of inhibitory activity for IgE-FAB in patients
receiving allergen immunotherapy.17 We therefore examined the
contribution of IgG4 to the persistent serologic inhibitory activity
after discontinuation by performing bioassays with sera depleted
of IgG4 (Fig 5). Depletion of IgG4 from sera both before and after
discontinuation of immunotherapy resulted in a reduction in
blocking activity, the effect being even greater (P 5 .03) in pa-
tients after discontinuation.

DISCUSSION
We have shown, under double-blind conditions, that long-term

clinical tolerance after grass pollen immunotherapy is associated
with persistence of potent serum inhibitory activity against IgE-
allergen binding. After 2 years of discontinuation, during which
patients remained in clinical remission, inhibitory activity in cel-
lular assays dependent on IgE–grass pollen binding was main-
tained unchanged. At that time, 38% of this activity was
attributable to IgG4, despite titers of serum immunoreactive grass
pollen–specific IgG4 decreasing by 79% during discontinuation.

http://www.jacionline.org


FIG 2. CD23-mediated IgE-FAB. A and B, Allergen-IgE complexes bound to EBV-transformed B cells were

detected by means of flow cytometry (Fig 2, A) and laser scanning microscopy (Fig 2, B). C, CD23 receptor

coaggregation was visualized in the presence or absence of grass pollen allergen. Data shown are represen-

tative results from 3 independent experiments.
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Thus inhibitory bioactivity rather than absolute levels of antibody
were associated with clinical tolerance.
The bioassay used to quantify serologic inhibitory activity

against IgE is dependent on the formation of allergen-IgE
complexes, which are required for efficient IgE binding to low-
affinity FceRII (CD23) receptors on B cells. This validated assay
measures the capacity of sera from patients receiving immuno-
therapy to inhibit formation of these complexes.16,18,19 We have
measured the subsequent inhibition of IgE binding to B cells di-
rectly using flow cytometry or indirectly using confocal micros-
copy to visualize the disaggregation of either surface IgE or
CD23. Although immortalized EBV-transformed B cells were
routinely used as a replenishable source of live FceRII-expressing
cells, we were also able to demonstrate this mechanism using
freshly purified CD191 B cells from an allergic subject. This sup-
ports our view that this assay is based on a real physiologic IgE-
mediated mechanism.
We previously demonstrated that 3 to 4 years of grass pollen

immunotherapy is sufficient to induce long-term remission of
disease.8 Our results presented here extend these findings to show
that a 2-year course of immunotherapy is also effective. In con-
trast, a retrospective study of children whowere sensitive to house
dust mites showed that short-term (12-month) immunotherapy
was associated with a greater rate of relapse than was treatment
for more than 3 years.20 We have also previously shown that
long-term clinical tolerance after grass pollen immunotherapy
is associated with continuing suppression of cutaneous,
allergen-induced late-phase responses together with inhibition
of local expression of mRNA for TH2 cytokines.8 However, im-
munologic mechanisms that could account for this long-term
hyporesponsiveness to grass pollen after discontinuation have
not previously been described.
Immunotherapy with inhalant allergens is associated with

production of allergen-specific IgG1, IgG4, and IgA2 anti-
bodies.9,21-23 Of these isotypes, allergen-specific IgG4 antibodies
show the biggest proportionate increase, increasing within
3 months of starting injections,9 probably under the influence of
newly induced IL-10–producing regulatory T cells.12,13

Allergen-specific IgG4 antibodies produced in response to pollen
immunotherapy directly inhibit allergen- and IgE-dependent cel-
lular responses in vitro mediated through low-affinity and high-
affinity IgE receptors (FceRII and FceRI, respectively), such
as facilitated antigen presentation and basophil histamine re-
lease.9,11,17,24-27 These ‘‘blocking antibodies’’ have the potential
to account for the clinical efficacy of immunotherapy because
the specific neutralization of IgE with omalizumab was shown
to reduce seasonal allergic rhinitis symptoms during the pollen
season.18 However, the requirement for blocking antibodies in
immunotherapy has been disputed because of weak or absent cor-
relations between serum titers and measures of clinical effi-
cacy.28-30 Our results during the discontinuation phase also did
not show such a correlation because grass pollen–specific IgG1
and IgG4 titers induced after immunotherapy decreased to near-
pretreatment levels after 2 years of placebo injections and clinical
remission was maintained intact. These findings are robust be-
cause they could be completely reproduced in a separate cohort
of patients receiving grass pollen immunotherapy who underwent
3 years of placebo-controlled discontinuation, as previously re-
ported (see Fig E3 in this article’s Online Repository at www.
jacionline.org).8 However, the complete maintenance of serologic

http://www.jacionline.org
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FIG 3. Long-term clinical improvement after discontinuation of immunotherapy is associated with persis-

tent IgG-associated blocking activity but not total allergen-specific IgG4 antibodies. A, Symptom and med-

ication scores. B, Serum inhibitory activity for allergen-IgE binding to B cells. C and D, P pratense–specific
IgG1 (Fig 3, C) and IgG4 (Fig 3, D) antibodies measured by means of ELISA. E, Representative example of

IgE-FAB in the presence of preimmunotherapy and postimmunotherapy serum. CSMS, Combined Symp-

toms and Rescue Medication Scores; FITC, fluorescein isothiocyanate; IT, immunotherapy.
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TABLE II. Total IgE and specific IgE levels

Immunotherapy-maintained group, mean 6 SE (n 5 7)

Before immunotherapy 2-y Immunotherapy 4-y Maintained immunotherapy

Phl p 1 and Phl p 5b–specific IgE (kU/L) 32.1 (7.9) 37.5 (11.6) 11.9 (7.4)*

Total IgE (kU/L) 166.7 (62.7) 256.1 (128.1) 226.1 (171.2)

Immunotherapy-withdrawal group, mean 6 SE (n 5 6)

Before immunotherapy 2-y Immunotherapy 4-y Withdrawn immunotherapy

Phl p 1 and Phl p 5b–specific IgE (kU/L) 49.8 (21.0) 56.3 (13.2) 45.6 (18.5)

Total IgE (kU/L) 409.3 (166.6) 484.5 (144.5) 993.8 (676.2)

Total and specific IgE antibodies are shown.

*P < .03 compared with preimmunotherapy values (Wilcoxon matched-pairs signed-rank test).

FIG 4. Inhibitory P pratense–specific antibodies disrupt IgE binding and CD23 distribution on B cells. A, IgE

immunostaining. B, Quantification of beading pattern (IgE1 B cells). C, CD23 receptor immunostaining. D,

Quantification of beading pattern (CD231 B cells). Controls (without P pretense) are represented by open
circles. Allergen alone had no effect on B cells (data not shown). FITC, Fluorescein isothiocyanate; IT,
immunotherapy.
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inhibitory bioactivity after immunotherapy discontinuation sug-
gests a significant dissociation between absolute antibody titers
and function.
To explore this further, we depleted IgG4 from serum and

identified a reduction in inhibitory activity. Whereas IgG4 did not
account entirely for the serum inhibitory activity, we showed that
despite decreasing immunoreactive IgG4 levels, the inhibitory
effect persisted for at least 2 years after stopping treatment. We
chose to focus on IgG4 because this isotype is induced by IL-10
and we have previously shown that IL-10 levels are increased in
the nasal mucosa17 and in allergen-stimulated peripheral T cells9

during grass pollen immunotherapy. In contrast to other IgG



FIG 5. Inhibition of allergen-IgE complex binding is IgG4 dependent. A,

IgG4-containing sera versus IgG4-depleted sera. B and C, Representative

examples of allergen-IgE complex binding in the presence of preimmuno-

therapy and postimmunotherapy serum compared with postimmunother-

apy serum depleted of IgG4 antibodies (D). FITC, Fluorescein

isothiocyanate.
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subclasses, IgG4 has distinctive structural and functional charac-
teristics that make it a noninflammatory isotype. For example,
IgG4 is able to exchange heavy chains, which results in qualita-
tive ‘‘functional’’ monomeric or bispecific antibodies resulting
from exchange of Fab arms.31 IgG4 has low affinity for Fcg recep-
tors, does not form immune complexes, is unable to fix comple-
ment, and inhibits IgG1-mediated complement activation.31-33

IgG4 accounted for a proportion (38%) of the serum inhibitory ac-
tivity in postwithdrawal sera, such that it is likely that other non-
IgE antibodies, particularly other IgG subclass antibodies, might
contribute to the observed inhibitory effects. Limited availability
of serum samples meant that we were only able to perform deple-
tion experiments for 1 IgG isotype. Further studies on withdrawal
sera involving depletion of other antibody classes from sera ob-
tained from patients undergoingwithdrawal from immunotherapy
are needed to address this issue.
In the immunotherapy-maintained group the level of allergen-

specific IgE was significantly reduced at 4 years. These results
confirm previous findings in relation to ragweed immunother-
apy.34 In the immunotherapy-discontinued group the levels of
allergen-specific IgE remained persistently increased, and these
participants also remained clinically tolerant. Whereas it is possi-
ble that the reduction in FAB-IgE binding at 4 years in the
immunotherapy-maintained group could be due in part to a reduc-
tion in allergen-specific IgE levels, this is clearly not the case for
the immunotherapy-discontinued group in whom IgE levels were
maintained, thereby highlighting the importance of blocking fac-
tors rather than a reduction in IgE levels alone.
On the basis of these findings we hypothesize that a minority of

the IgG antibodies induced by immunotherapy account for the
majority of inhibitory activity against IgE, a process that is
revealed during discontinuation of immunotherapy. Because
overall immunoreactive IgG levels decrease, the inhibition must
relate to altered functional properties of IgG, presumably related
to the avidity of IgG-allergen binding. This increased avidity of
IgG could be due to either increased affinity to individual IgE
epitopes or to an increased number of IgE epitopes that are
recognized (ie, increased polyclonality of IgG responses after
high allergen exposure during immunotherapy).35 There are very
limited data on measurements of affinity of IgG antibodies after
immunotherapy. In one study36 there were no shifts in overall
IgG affinity with whole serum, whole fractionated IgG, or both,
although this study was unable to focus on individual monoclonal
IgG antibody affinity. Such studies would require cloning of indi-
vidual IgG-producing B cells from patients before and after
immunotherapy.37,38

In conclusion, the persistence of potent serum inhibitory
activity against IgE, possibly representing high-affinity grass
pollen–specific IgG antibodies, suggests a mechanistic explana-
tion for the long-term efficacy of grass pollen immunotherapy.
Functional assays, such as those described here, might have value
in the design of biomarkers for monitoring and predicting patient
status during immunotherapy and after discontinuation of
immunotherapy.
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Key message

d Inhibitory IgG4 antibodies persist for up to 2 years after
discontinuation of allergen immunotherapy and correlate
with clinical outcomes.
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Pollen counts
Numbers of grass pollen grains per cubic meter of air were recorded daily

throughout the pollen season (May-August) by using a Burkard 7-day

volumetric spore trap on a London rooftop (18 m high), and mean weekly

counts were calculated (Fig 1, A).

Antibodies
The following antibodies were purchased from DakoCytomation Ltd (Ely,

United Kingdom): polyclonal rabbit fluorescein isothiocyanate–conjugated

anti-human IgE (1.9 g/L), phycoerythrin-conjugated anti-human CD23 mAb

(100 mg/L), and an isotype control (murine IgG1-phycoerythrin, 100 mg/L).

Atopic serum
Serum containing high concentration of P pratense–specific IgE (>100 IU/

mL) obtained from a single grass pollen–sensitized donor was purchased from

PlasmaLab International (Everett, Wash). This indicator serumwas used in all

experiments measuring allergen-IgE binding to B cells to provide interassay

reproducibility when assessing inhibitory antibody responses.

CD23-enriched EBV-transformed B cells
CD23-enriched EBV-transformed B cells (CD142, CD191, CD201,

CD231, CD252, CD32, CD401, CD801, CD861, and HLA-DR1 cells)

were a kind gift from ALK-Abell�o. The cell line was maintained in vented-

cap, canted-neck cell-culture flasks (Falcon/VWR, Poole, United Kingdom)

at 378C, 5% CO2, and 95% relative humidity. Cells were subcultured 2 to 3

times a week to maintain a cell density of 0.5 to 1.5 3 106 cells/mL

in RPMI-1640 supplemented with 1% (vol/vol) L-glutamine, 10% heat-

inactivated FCS, and 1% (vol/vol) penicillin/streptomycin mixture (Invitro-

gen, Paisley, United Kingdom). The viability of healthy, growing,

CD23-enriched EBV-transformed B cells were assessed by using trypan

blue dye (Sigma-Aldrich). Cells were counted on a Neubauer hemocytometer

with a light microscope at 340 magnification. Nonviable cells were consid-

ered to be those that took up the blue dye, and viable cells remained colorless.
The typical viability of the CD23-enriched EBV-transformed B cells was be-

tween 98% and 100%.

Visualization of allergen-IgE complexes and CD23-

IgE-allergen receptor complexes on surfaces of

B cells
Twenty microliters of stock indicator serum containing a high concentra-

tion of P pratense–specific IgE (>100 IU/mL) was preincubated with 5 mL of

1 mg/mL allergen at 378C for 1 hour to allow formation of allergen-IgE com-

plexes. Twenty microliters of indicator serum and 20 mL of test serum or

RPMI as a control were mixed to test for inhibition of FAB. During this

step, CD23-enriched EBV-transformed B cells were washed 3 times by means

of centrifugation in RPMI-1640 at 423g for 7 minutes at 48C. Cells were then
resuspended in FAB buffer (138.60 mmol/L NaCl, 1.12 mmol/L NaH2PO4,

8.16 mmol/L Na2HPO4, and 0.1% BSA dissolved in 1 L of distilled H2O,

with pH adjusted to 7.2) at 2 3 107 cells/mL.

EBV-transformed B cells (1 3 105) were added to the IgE-allergen com-

plexes and incubated for 1 hour at 48C on ice. Cells were then washed twice

in FAB buffer by means of centrifugation at 423g for 5 minutes at 48C to re-

move any unbound allergen-IgE complexes. Cells were resuspended in FAB

buffer and stainedwith fluorescein isothiocyanate–labeled anti-human IgE an-

tibody or phycoerythrin-labeled anti-human CD23 for 45 minutes at 48C on

ice. The cells were then washed and fixed in 4% paraformaldehyde for

5 minutes.

Cells then underwent cytospin preparation in polylysine-coated slides

(Superfrost Plus; Fisher Scientific, Cambridge, United Kingdom) at 400 rpm

for 2 minutes. Slides were mounted in fluorescent medium. Visualization of

allergen-IgE complexes andCD23 receptor distributionwas achieved by using

a 363 DIC lens on a Zeiss LSM-510 inverted confocal laser scanning

microscope (Carl Zeiss). All images were acquired by using LSM 4.0 analysis

software, and a standardized digital setting was used when comparing staining

between samples. All samples were blinded before analysis. The percentage of

allergen-IgE complex–positive B cells was visualized and qualified as a

beaded pattern. Moreover, the percentage of CD231 B cells with beading and

the linear or circumferential pattern were quantified in samples.



FIG E1. Visualization of CD23 receptor coaggregation and allergen-IgE complexes binding to B cells. Serum

from a subject with grass allergy (P pratense–specific IgE >100 IU/L) was incubated with 1 mg/mL P pratense
extract in the presence of preimmunotherapy serum. CD23-enriched EBV-transformed B cells were incu-

bated with the complexes. Cells were immunostained with fluorescein isothiocyanate–labeled rabbit poly-

clonal anti-human IgE antibody and phycoerythrin-labeled antihuman CD23 antibody. A, A bright field

image of the cells is shown. B, Allergen-IgE complexes were visualized as IgE1 staining. C, Clustering of

CD23 receptors were visualized as a beading pattern. D, Colocalization of CD23-IgE-allergen complexes

with dual staining of CD23 receptor and allergen-IgE complexes.
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FIG E2. CD23-dependent allergen binding with freshly purified B cells. IgE-

FAB to B cells isolated from PBMCs was measured by using sera from

preimmunotherapy (n 5 5) and postimmunotherapy (n 5 5) subjects.

Addition of postimmunotherapy serum resulted in a significant decrease of

allergen-IgE complexes binding to B cells isolated from PBMCs. P values

represent statistical differences within groups, as determined by using

the Wilcoxon matched-pairs test. IT, Immunotherapy.
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FIG E3. Persistence of functional P pratense–specific IgG-dependent inhibi-

tory antibody activity after discontinuation of grass pollen immunotherapy.

A, Serum-inhibitory activity for allergen-IgE binding to B cells. B, P pra-
tense–specific IgG antibodiesmeasured by using ELISA. These data were ob-

tained from a second cohort of patients who underwent discontinuation of

grass pollen immunotherapy. Originally described in Durham et al.8 IT,
Immunotherapy.
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TABLE E1. Total and P pratense–specific IgG4 levels before and after IgG4 depletion

Serum before depletion,

median (IQR)

Serum after depletion,

median (IQR)

Two-tailed

P value

Postimmunotherapy serum (4-year IT)

Antigen-specific IgG4 (AU/mL) 1.61 (0.50-2.12) 0.07 (0.07-0.07) .03

Total IgG4 (g/L) 0.37 (0.20-0.50) 0 (0.00-0.00) .03

Postwithdrawal serum (2-y IT 1 2-y placebo)

Antigen-specific IgG4 (AU/mL) 0.24 (0.09-0.36) 0.07 (0.07-0.08) .03

Total IgG4 (g/L) 0.23 (0.1-0.4) 0 (0.00-0.00) .03

Serum samples taken from the placebo-controlled withdrawal group (after immunotherapy and after withdrawal) were passed over an anti-IgG4 Sepharose column. Depletion of

allergen-specific IgG4 antibodies was confirmed by means of ELISA and total IgG4 by means of nephelometry. Statistical significance was assessed by using the Wilcoxon

matched signed-rank test.

AU, Arbitrary units.
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