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The majority of human subjects who receive subcutaneous allergen immunotherapy (IT) develop
decreased sensitivity to their allergens. Multiple factors may explain the efficacy of IT, some evidence
support a role for allergen specific IgG antibodies. There is controversy whether such antibodies act by
blocking allergen binding to IgE or initiation of active inhibitory signaling through low affinity IgG recep-
tors (Fc�RIIB) on mast cells and basophils. In this study, we addressed this question using peripheral blood
from cat non-allergic, cat allergic, and immunotherapy-treated cat allergic subjects. Blood from subjects
who received IT contain IgG antibodies that mediate inhibition of basophil activation by a mechanism
that is blocked by antibodies specific for the inhibitory IgG receptor Fc�RIIB. Surprisingly, inhibition was
also blocked by aglycosylated, putatively non-FcR binding, antibodies that are specific for the Fc�RIIA,
suggesting a contribution of this receptor to the observed effect. Consistent with a cooperative effect, ex
vivo basophils were found to express both IgG receptors. In other studies we found that basophils from

subjects who were both chronically exposed to allergen and were producing both cat allergen specific IgE
and IgG, are hyporesponsive to allergen. These studies confirm that IgG antibodies produced during IT act
primarily by stimulation of inhibitory signaling, and suggest that Fc�RIIA and Fc�RIIB function coopera-
tively in activation of inhibitory signaling circuit. We suggest that under normal physiologic conditions
in which only a small proportion of Fc�RI are occupied by IgE of a single allergen specificity, Fc�RIIA co-
aggregation may, by providing activated Lyn, be required to fuel activation of inhibitory Fc�RIIB function.
. Introduction

Allergen immunotherapy (IT), first described by Noon in the
arly 1900s, is one of the most effective treatments available for

llergic rhinitis and allergic asthma [1–3]. This treatment typi-
ally involves subcutaneous injection of mixed allergen extracts
eekly starting at a very low dose, increasing the dose weekly
ntil a maintenance dose is reached. Shots are administered at least
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monthly to maintain desensitization once maintenance is reached.
For appropriately selected patients, IT effectively decreases nasal
symptom scores and medication requirements. It is the only ther-
apy that can prevent sensitization to new allergens, decrease
reactivity after allergen exposure and have lasting effects after
treatment is discontinued [4]. In the last decade, our knowledge
of dose requirements for effective monotherapy (immunization
with a single allergen) and of adjuvant effects has increased signifi-

cantly, however, many aspects of the mechanism by which allergen
immunotherapy reduces sensitivity remain elusive.

Repeated subcutaneous injection of allergen (IT) has been
shown to alter many facets of the immune system. Allergen
immunotherapy causes decreased sensitivity of T cells to allergen-

http://www.sciencedirect.com/science/journal/01652478
http://www.elsevier.com/locate/
mailto:cambierj@njhealth.org
dx.doi.org/10.1016/j.imlet.2009.12.001
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Table 1
Subject demographics.

Non-cat allergic (n = 16) Cat allergic (n = 17) Cat allergic on immunotherapy (n = 6)

Age (years) 32.1 ± 10.7 32.8 ± 10.8 34.3 ± 9.99 n.s.
Sex (M/F) 3/13 6/11 1/5 n.s.
Cat specific IgE (kU/dl)a 0 6.17 ± 6.8 19.4 ± 36.6 p = 0.1b

Total IgE (kU/dl)a 88 ± 153 170 ± 120 742 ± 1083 p = 0.005c

p = 0.014d

Asthma 1/16 8/17 5/6 p = 0.0007e

Atopic dermatitis 2/16 3/17 1/6 n.s.
Any allergic symptomsf 6/16 17/17 6/6 p < 0.0001e

Cat allergy symptomsf 1/16 15/17 6/6
Cat exposure
None 5 10 1
Past 3 3 4
Current 8 4 1

Unless otherwise specified, statistical analysis utilized Dunnett’s method with a control.
a Total and cat epithelium specific IgE were measured using Phadia CAP system.
b Cat allergic used as control; no significant difference between allergic and IT groups.
c
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Non-allergic control in comparison to IT subjects.
d Cat allergic control in comparison with IT subjects.
e Chi-squared likelihood for difference between groups.
f Allergy symptoms (any vs. cat specific) were self-reported on questionnaire.

nduced proliferation, increased frequency of inducible T regulatory
ells, and a shift in the ratio of allergen specific TH1 to TH2 cells. Such
mmunomodulation produces changes in the balance of cytokines

ith production toward reduced IL-3, IL-4, IL-5, IL-9 and IL-13,
nd increased TGF-� and IL-10. These modifications may favor
roduction of allergen specific IgG and IgA, and reduced IgE pro-
uction, modulating allergic inflammation mediated by mast cells,
asophils and eosinophils [5].

Cellular mediators induced by IT may target mast cells and
asophils, which have emerged as very important effector cells

n allergic inflammation. Allergen cross-linking of IgE/Fc�RI on
ast cells and basophils trigger degranulation, releasing histamine,

erine proteases and other inflammatory mediators. Intermediate
nd late phase mast cell responses include production and release
f cytokines, e.g. IL-4 and IL-13, chemokines, prostaglandins and
eukotrienes. Local cytokines may, in turn, regulate mast cell and
asophil function by altering activity of proteins and changing gene
xpression [6].

Effects of IT may also be mediated by allergen specific IgG anti-
odies. Successful immunotherapy is usually correlated with an

nitial increase in allergen specific IgG1, followed by an increase
n IgG4 and, much later, a decrease in allergen specific IgE antibod-
es. Allergen specific IgG4 may act to block the interaction of IgE

ith allergen, decreasing CD23-mediated B cell allergen uptake
nd subsequent antigen processing and decreasing IgE mediated
egranulation of mast cells and basophils [7–9]. Additionally, co-
ggregation of the low affinity IgG receptor Fc�RIIB with IgE/Fc�RI
y immune complexes may lead to active inhibition of mast cell
nd basophil degranulation [5,10–13].

Basophils and mast cells express the immunoreceptor tyrosine-
ased activation motif (ITAM)-containing Fc�RI complex (���2)
nd Fc�RIIB, an inhibitory immunoreceptor tyrosine-based
nhibitory motif (ITIM)-containing low affinity IgG receptor. Mast
ells derived from skin also express functional Fc�RIIA, an ITAM
ontaining low affinity IgG receptor [14]. In 2000, Kepley et al.
xamined human basophils for expression of Fc�RII using RT-PCR
nalysis. They reported the presence of Fc�RIIA and Fc�RIIB tran-
cripts, but not Fc�RIIC transcripts, in peripheral blood basophils
15]. These authors were unable to quantify expression levels of

c�RIIA and Fc�RIIB on the surface because staining antibodies
vailable at the time were not able to clearly distinguish Fc�RIIA
rom Fc�RIIB. The balance between stimulation of activating ver-
us inhibitory FcR, may be central in determining the occurrence
nd severity of allergic, anaphylactic and Arthus reactions [16–18].
In this study we analyzed the production of IgG antibodies of
various subclasses in subjects receiving immunotherapy for cat
hair allergens. We then assessed the ability of these antibodies
to modulate basophil response to allergen, and whether observed
effects reflect blocking of allergen binding to IgE or engagement of
inhibitory Fc�R. To determine if IgG-mediated inhibition requires
interaction with Fc�RII, we assessed the blocking ability of Fc�RIIA
and Fc�RIIB specific antibodies that were mutated to prevent gly-
cosylation and therefore minimize or eliminate the ability of their
Fc regions to bind Fc�RIIB [19–22].

2. Materials and methods

2.1. Subjects

Thirty-nine subjects, ranging in age from 19 to 64, were
recruited through National Jewish Health General Clinical Research
Center with IRB approval. Study groups included individuals who
were non-cat allergic by skin prick testing (n = 16), cat allergic by
skin prick testing (wheal > 3 mm, erythema > 10 mm) (n = 17), and
cat allergic, but on maintenance immunotherapy for >6 months
(>3 �g Fel d1 per monthly injection) (n = 6). Subjects in the first
two groups were naive to immunotherapy (Table 1).

2.2. Cat hair specific IgG measurement

ELISA plates were coated with allergen by incubation with ALK-
Abello (Horsholm, Denmark) cat hair extract (1:10,000 BAU, Fel d1
content 31.4 �g/ml) overnight at 4 ◦C, before subject’s serum was
added, and plates were incubated at 4 ◦C overnight. Binding of cat
hair specific IgG was detected using either anti-human IgG-HRP
(Biorad Laboratories, Hercules, CA), or a combination of IgG1-biotin,
IgG2-biotin, IgG3-biotin or IgG4-biotin (Caltag, Burlingame, CA)
and SA-HRP (BioSource, Nivelle, Belgium). To allow comparison
among subjects and experiments, relative units (RU) of cat hair
specific IgG were established by normalization of data to a con-
trol serum from a subject previously on immunotherapy containing
moderate levels of anti-cat hair antibodies all IgG subclasses.
2.3. Flow cytometry-based CD203c assay of basophil activation

Whole blood was stimulated with cat hair extract, which is
used for cat allergen immunotherapy (ALK-Abello, Horsholm, Den-
mark) and was normalized to Fel d1 concentration, anti-Fc�R1�
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Fig. 1. Basophils from cat allergic individuals are uniquely sensitive to cat allergen-induced CD203c up-regulation. (A) Whole blood was stimulated with cat hair extract
containing Fel d1 [0.0001–1 �g/ml]. Fc�RI� cross-linking antibodies and fMLP were used as positive controls. (B) Cells from an allergic subject were stained with the pan-
leukocyte marker CD45, IgE and CD203c to identify basophils and determine activation status. MFI of CD203c following a representative stimulation of ex vivo basophils is
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hown. (C) A representative cat hair allergen dose–response curve is shown here fro
llergen “sensitivity” of the basophil. (D) Average basophil CD203c expression for s
at allergen extract shown was for the maximal activation; the dose required varied
p < 0.001.

Upstate, Lake Placid, NY), or f-met-leu-phe (fMLP) for 10 min at
7 ◦C and then placed on ice. The Fel d1 concentration for the lot
sed was provided by ALK (31.4 �g Fel d1 per ml cat hair extract).
asophils were identified based on positive staining with antibod-

es specific for CD45 (BD Biosciences, San Jose, CA), IgE (Caltag,
urlingame, CA), and CD203c (Immunotech, Marseille, France). Rel-
tive CD203c staining also served as a marker of basophil activation.
ed cell depleted samples were analyzed using a BD FacsCaliber
ow cytometer [23]. In some cases human serum (20%, v/v final
oncentration) was incubated with whole blood for 1–3 h prior to
timulation and assay. Control serum lacking both cat hair spe-
ific IgG and IgE was used for the “no inhibitor” control. In some
ases, antibodies specific for Fc�RIIA (IV.3 N297Q) (MacroGenics,
ockville, MD) and Fc�RIIB (2B6 N297Q) (MacroGenics, Rockville,
D) were added 30 min prior to addition of human sera and/or

timulation. BIAcore was used to demonstrate that, as previously
hown by Mimura et al., genetic elimination of the glycosylation
ffectively eliminated (within the limit of sensitivity of this assay)
inding of the Fc region of these antibodies to Fc�RII [22] (technique
escribed in [24], personal communication Ezio Bonvini).

.4. Cell surface analysis for Fc�RIIA and Fc�RIIB expression

Red cell depleted whole blood was fixed with 2% formaldehyde
nd stored at −80 ◦C. Basophils identified as above were stained
ith anti-Fc�RIIA (IV.3 N297Q), anti-Fc�RIIB (2B6 N297Q) or an

sotype control CH4420 N297Q (Fc region aglycosylated similar to
V.3 and 2B6) (MacroGenics, Rockville, MD). The cell line IIA1.6,
ransfected with human Fc�RIIB (kindly provided by Mark Hogarth)
as cultured in DMEM with 5% fetal bovine serum and stained with

he aglycosylated antibodies as above to confirm the specificity of
ntibody interaction with Fc�RII (Fig. 2E).
.5. IgG purification from human serum

IgG was isolated by protein G Sepharose chromatography with
lution using 0.1N acetic acid (pH 3.0) and concentrated using a
t allergic subject. The arrow annotates the point of maximal basophil activation, or
ted (as shown) non-cat allergic and cat allergic subjects. The basophil response for
ly, from a Fel d1 concentration of 0.001 �g/ml to the maximum dose used 1 �g/ml.

centrifugal filter unit with a molecular weight limit of 100 kDa
(Millipore, Billerica, CA). Concentration of IgG was measured using
nephelometry. IgG depleted sera were concentrated to original vol-
ume using a centrifugal filter unit with a molecular weight limit of
30 kDa (Millipore, Billerica, MA), using serum albumin to standard-
ize concentrations.

2.6. Statistics

Dunnett’s method with control (non-cat allergic control vs.
immunotherapy treated, and cat allergic control vs. immunother-
apy treated) was used for analysis of differences in levels of allergen
specific IgG antibody levels. Dunnett’s method with control (no
allergy symptoms) was also used for analysis of differences in
expression of Fc�RIIA and Fc�RIIB. A linear regression model was
used to evaluate the influence of high vs. low allergen specific IgG
and IgE on basophil sensitivity. Where present, error bars represent
standard error of the mean.

3. Results

3.1. Basophils from cat allergen sensitive individuals rapidly
up-regulate CD203c upon stimulation

CD203c expression has been used to evaluate IgE-mediated
basophil activation in applications ranging from evaluation of drug
reactions to assessment of both food and stinging insect allergy
[25]. In normal subjects, CD203c is weakly expressed on periph-
eral blood basophils, mast cells, and their CD34+ progenitors, but is
rapidly up-regulated after cell activation. To assess ex vivo basophil
responsiveness to cat hair allergen, whole cat hair extract was
added to sodium heparanized whole blood followed by incubation

for 10 min at 37 ◦C (Fig. 1A). As shown in Fig. 1B, and as previ-
ously reported [26], basophil CD203c expression increased up to
17-fold from baseline within 10 min of ex vivo stimulation with cat
hair extract. We found this CD203c-based assay to be more sen-
sitive than skin prick testing (one individual on IT was skin test
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Fig. 2. IgG antibodies produced during immunotherapy acutely inhibit basophil responses to allergen by Fc�RIIA and Fc�RIIB dependent mechanisms. (A) Serum (20%, v/v)
was added to whole blood from an allergic subject. “No inhibition” control serum containing no cat allergen specific IgG; “Immune serum” – serum from IT subject; “Purified
IgG” and “IgG depleted serum” – see Section 2. Purified IgG-mediated desensitization, and serum depleted of IgG lost this ability. (B) Blocking with either anti-Fc�RIIA (IV.3
N297Q) or anti-Fc�RIIB (2B6 N297Q) reversed the effect. (C) Immunofluorescence staining of ex vivo basophils with antibodies against Fc�RIIA (IV.3 N297Q) (solid line) and
Fc�RIIB (2B6 N297Q) (heavy solid line). (D) Ex vivo basophils were incubated with excess anti-Fc�RIIA (IV.3 N297Q) (dashed black line) or no antibody (solid line) before
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ddition of staining antibodies to identify basophils (CD45 and CD203) and for ant
ontrol. (E) A murine B cell line (IIA1.6) expressing human Fc�RIIB was stained by an
88 (gray line), or an isotype control antibody, CH4420 N297Q Alexa 488 (dotted l
heavy solid line) but not anti-Fc�RIIA (IV.3 N297Q) (dotted black line). The solid bl

egative) and cat hair specific IgE (4 skin test positive individuals
ith IgE anti-cat epithelial extract <0.35 kU/dl). Maximal activation

ccurred with Fel d1 exposure ranging from 0.001 �g/ml to greater
han 1 �g/ml, the maximum dose used for stimulation. Fig. 1C
hows a representative titration curve. In contrast to other studies
hat have used histamine release as a measure of basophil activa-
ion, we found that basophils from all subjects tested responded to
timulation through their Fc�RI (allergen and/or anti-Fc�RI� anti-
ody mediated cross-linking) (Fig. 1D).

.2. IgG antibodies produced during IT reduce basophil sensitivity
o allergen

Two previous reports have shown that sera collected from sub-
ects post-immunotherapy are able to inhibit allergen-induced
onor basophil degranulation [27,28]. The authors attributed the
hanges in histamine release profiles to increased IgG but did not
xclude other serum factors. To address this question directly,
e incubated basophils from a cat hair-allergic subject who had
ndetectable IgG anti-cat hair antibody with serum from a subject
n immunotherapy. We then assessed responsiveness to allergen
sing CD203c as a marker for basophil activation. Sera containing
at hair specific IgG decreased the sensitivity of basophils from a cat
llergic subject (Fig. 2A). IgG purified from these sera mediated the
ull effect. Sera depleted of IgG lost the ability to alter basophil sen-
itivity. Elevation of CD203c expression after addition of fMLP was
ot altered by serum or IgG from the IT subject (data not shown).
hese results confirmed that allergen specific IgG is responsible for
he observed alteration in basophil sensitivity, but do not differ-
ntiate IgG “blocking” effects from IgG/allergen immune complex
ecruitment of Fc�RIIB and inhibitory signaling.

.3. IgG modulation of sensitivity depends upon function of both
c�RIIA and Fc�RIIB
IgG Abs may modulate basophil responses by blocking allergen
ccess to IgE that is associated with Fc�RI, or by recruiting and
ctivating inhibitory immunoglobulin Fc receptors. Inhibition of
gE-mediated mast cell activation via the low affinity IgG recep-
or Fc�RIIB has been demonstrated in vivo in mice and in vitro
IIB (2B6 N297Q) quantitation to assess blocking. The gray line represents isotype
RIIB (2B6 N297Q) Alexa 488 (black line) but not by anti-Fc�RIIA (IV.3 N297Q) Alexa
) Staining of CD20 positive peripheral blood B cell with anti-Fc�RIIB (2B6 N297Q)
e reflects isotype control staining.

using human and mouse cell lines [13,29]. Proof that allergen spe-
cific IgG is capable of recruiting Fc�RIIB in physiologic situations,
i.e. in humans treated with immunotherapy, is lacking. To test
for Fc�RII involvement, we added blocking antibodies specific for
either Fc�RIIA (IV.3 N297Q) or Fc�RIIB (2B6 N297Q) to whole blood
one half hour before addition of serum containing cat specific IgG.
These antibodies were engineered to prevent glycosylation so that
their own Fc regions do not engage Fc receptors detectably [19].
Loss of binding of the Fc portion of the N297Q antibodies to human
CD32B and CD32A-131his was confirmed by BIAcore as described in
[24] (personal communication Ezio Bonvini). One hour after addi-
tion of serum, cat hair allergen was added and responses measured
(as described above). Blocking Fc�RIIB abrogated the effects of the
serum containing cat specific IgG Abs indicating that inhibitory
signaling and not blocking is operative in inhibition. To our sur-
prise however, Fc�RIIA blocking Abs also reversed the effects of
the immune serum (Fig. 2B).

Based on these effects we wanted to first confirm the earlier
finding of Keply which suggested that human basophils express
both Fc�RIIA and Fc�RIIB [15]. As shown in Fig. 2C ex vivo basophils
were stained by both the aglycosylated Fc�RIIA antibody IV.3
N297Q and aglycosylated anti-Fc�RIIB antibody 2B4 N297Q.

The effects of aglycosylated anti-Fc�RIIA could reflect bona fide
function of Fc�RIIA in inhibitory signaling, or it could result from
either spurious crossreactivity of this antibody with Fc�RIIB or
binding of the Fc of this antibody to Fc�RIIB. Either mechanism
could block IgG-allergen immune complex co-aggregation of Fc�R1
and Fc�RIIB. To begin to address these possibilities we preincu-
bated human basophils with excess anti-Fc�RIIA (IV.3 N297Q) and
assessed its effect on staining by 2B6 N297Q, the Fc�RIIB specific
antibody (Fig. 2D). No blocking was seen. To further confirm that
anti-Fc�RIIA (IV.3 N297Q) did not bind Fc�RIIB, the murine cell line
IIA1.6 was transfected with human Fc�RIIB and stained with anti-
Fc�RIIA IV.3 N297Q and anti-Fc�RIIB 2B6 N297Q. Fig. 2E shows
anti-Fc�RIIA IV.3 N297Q does not bind human Fc�RIIB on these
cells. Finally, as is shown in Fig. 2F, this antibody does not stain ex
vivo human B cells, which express Fc�RIIB but not Fc�RIIA. Taken

together these findings argue strongly that the observed effects
reflect a supporting role for Fc�RIIA in promoting inhibitory sig-
naling by Fc�RIIB.
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expected from experiments above demonstrating that Fc�RIIA may
play a role in IgG-mediated basophil regulation, basophils from the
majority of subjects expressed low but significant levels of Fc�RIIA
(Fig. 4A). Allergic/treatment status did not influence expression

Fig. 4. Both Fc�RIIA and Fc�RIIB are expressed on human basophils and
immunotherapy modulates Fc�RIIB expression. Grouping was based on self-
reported allergy symptoms and immunotherapy treatment. Diamonds (♦) represent
ig. 3. Elevation in cat allergen specific IgG antibodies is associated with environme
LISA (see Section 2). Non-cat allergic (♦) and cat allergic (�) individuals were separ
cat. Immunotherapy subjects are represented by circles (©). Dunnett’s method w
nalysis.

.4. Effect of immunotherapy and environmental exposure to
llergen on IgG antibody levels

Chronic high dose natural exposure to cat hair allergens is
ssociated with decreased allergic symptoms and increased expres-
ion of cat hair specific IgG1, IgG2 and IgG4 antibodies (Abs)
30,31]. Likewise, immunotherapy leads to decreased sensitivity
nd increased levels of allergen specific IgG1, IgG4, and to a lesser
xtent IgG2 [5]. As a preliminary step in determining whether IgG
bs produced as a consequence of natural exposure differ from

mmunotherapy-induced IgG Abs, we segregated patients who
eported living with a cat for at least 3 months at some point during
heir lives (cat keepers) from non-cat keepers and subjects receiv-
ng IT. Of the non-cat allergic individuals, 11 of 16 were past or
urrent cat keepers. In the cat allergic group, 7 of 17 were current or
ast cat keepers. One IT subject was a current cat keeper (Table 1).

gG levels and isotype distribution within these groups is shown
n Fig. 3. Cat hair specific IgG1, IgG2, IgG3, IgG4 and total cat hair
pecific IgG Ab levels were measured by ELISA. Modest elevations
f IgG1 and IgG2, and especially IgG4 Abs were associated with cat
eeping. Most subjects on immunotherapy had significantly higher
at hair specific IgG1, IgG2 and IgG4 Abs than the naturally exposed
roup. However, some non-IT cat keeping individuals had levels of
gG4 Abs equivalent to subjects on IT. This direct comparison of
llergen specific IgG4 Ab levels in non-allergic and allergic subjects
ith or without IT demonstrates IgG4 may be elevated in non-

llergic individuals and subjects naïve to immunotherapy. In our
tudy, one individual on IT who reported improvement of symp-
oms made very little cat hair specific IgG4 (11 RU), but made a
ignificant amount of cat hair specific IgG1 (60,627 RU).

.5. Fc�RIIB expression is lower on IT subjects compared to
on-allergic controls
Results from blocking studies in Fig. 2B and C confirm that
uman basophils express both Fc�RIIA and Fc�RIIB, and suggest
hat both are active. Shown in Fig. 4 is immunofluorescence anal-
sis of Fc�R expression by basophils from subjects segregated into
hree cohorts; those who denied any allergy symptoms, those who
xposure or immunotherapy. Levels of allergen specific IgG Abs were determined by
to those with a cat in the home >3 months (cat keeping) vs. those never living with

ntrol (either no cat keeping or yes cat keeping as indicated) was used for statistical

reported any allergy symptoms, and those with allergies who are
treated with monthly injections of allergen immunotherapy. As
subjects denying any allergy symptoms, triangles (�) represent subjects with aller-
gies, circles (©) represent subjects on IT and ×’s are the isotype control for each
antibody. (A) Basophils from all subjects expressed Fc�RIIA (IV.3 N297Q), no differ-
ence was seen between groups. (B) The MFI of Fc�RIIB (2B6 N297Q) was significantly
decreased on basophils from subjects on IT compared to non-allergic controls (MFI
96 vs. 152).
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Fig. 5. Reduced basophil sensitivity to allergen is observed in subjects with ele-
vated cat hair allergen specific IgG1. To assess the association of between basophil
sensitivity and allergen specific IgG, we analyzed the relationship between cat aller-
gen specific IgG levels and basophil sensitivity (y-axis), dividing subjects into those
whose sera contained high vs. low cat specific IgG. The analysis was done for cat
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evels. Fc�RIIB expression on basophils from subjects receiving
llergen immunotherapy was significantly lower than that of non-
llergic individuals (Fig. 4B).

.6. Chronic in vivo exposure of allergic individuals to cat hair
llergen specific IgG antibodies is associated with basophil
nresponsiveness to allergen

Studies described above demonstrate that IgG Abs produced
ollowing IT are capable of reducing basophil responsiveness to
llergen by a mechanism dependent on Fc�RIIA and Fc�RIIB. To
ssess physiologic relevance, we examined whether basophils from
ubjects with high vs. low IgG anti-cat hair Ab levels exhibited
ecreased responsiveness to allergen. Individuals with elevated cat
llergen specific IgG1 (>400 RU) (p = 0.04) in fact were less sensitive
o cat allergen (Fig. 5). Significance was not reached for elevated lev-

ls of either cat allergen specific IgG2 (>100 RU) or IgG4 (>50 RU).
he increased sensitivity of basophils in subjects who did not have
levated cat hair specific IgG could not attributed to increased cat
llergen specific IgE levels as subjects with lower allergen specific
gG also had lower allergen specific IgE (see Fig. 5 legend). One

hair allergen specific IgG1 (high > 400 relative units (RU)), IgG2 (high > 100 RU), and
IgG4 (high > 50 RU). The relationship between high vs. low allergen specific IgG and
basophil sensitivity reached significance for IgG1 (*p = 0.04), but not IgG2 (p = 0.24)
or IgG4 (p = 0.21). Mean cat allergen specific IgE were as follows: IgG1 low and high,
5.3 and 6.45 kU/dl, respectively, IgG2 low and high 5.2 and 6.6 kU/dl, respectively
and IgG4 low and high 5.7 and 5.5 kU/dl, respectively.

ig. 6. IT reduces basophil sensitivity to cat hair allergen. Data was collected for one individual pre- and post-immunotherapy. (A) After 7 months of maintenance IT, basophil
ensitivity had decreased 10-fold. Pre-IT cat hair allergen specific IgG was 0.2 RU, post-IT cat hair allergen specific IgG was 5.5 × 103 RU. Expression levels of low affinity IgG
eceptors were minimally changed (B). Fc�RIIA: pre-IT �MFI 4.7; post �MFI 4.1; Fc�RIIB: pre-IT �MFI 109; post �MFI 93.

ig. 7. Current exposure to environmental cat allergen decreases acute IgG-mediated effects on basophil sensitivity. Serum from the IT subject used in Fig. 2 (20%, v/v),
ontaining high amounts of cat specific IgG, was added to whole blood of allergic subjects prior to cat allergen stimulation. The immune serum mediated a greater change in
asophil responsiveness in subjects not exposed to cat in the home (left panel). Baseline cat hair allergen specific IgG is documented in each of the plots by “IgG”. The filled
quare is the geometric mean fluorescence intensity of CD203c expression following 10 min of stimulation with fMLP (see Section 2).
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Fig. 8. Hyporesponsiveness of “IT” basophils does not reflect acute Fc�R signaling. Blocking antibodies against either Fc�RIIA (IV.3 N297Q) or Fc�RIIB (2B6 N297Q) were
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dded to samples 30 min before allergen was added. Subject B recorded a negative
at). In this individual, blocking Fc�RIIA had a greater effect than blocking Fc�RIIB, b
pecific IgG Abs in all other subjects, blocking Fc�R did not decrease basophil sensit
U, (D) 5.8 × 104 RU, (E) 1.5 × 103 RU, and (F) 5.5 × 103 RU.

ubject enrolled in the study donated blood before and 7 months
fter reaching maintenance immunotherapy. A 10-fold decrease in
asophil sensitivity was accompanied by a significant increase in
at hair allergen specific IgG (Fig. 6A). In this subject, IT did not
esult in a significant change in either Fc�RIIA or Fc�RIIB expres-
ion (Fc�RIIA MFI 4.72 pre to 4.07 post; Fc�RIIB MFI 109 pre to 92.6
ost) (Fig. 6B).

.7. Basophil desensitization in allergic individuals that express
llergen specific IgG and chronically exposed to cat hair allergen

Interesting and important insight was provided by observations
ade in cases of allergic individuals who were current cat keep-

rs. When serum from an IT subject (20%, v/v) containing high
evels of cat allergen specific IgG1 (6503 RU), IgG2 (5118 RU) and
gG4 (302 RU) were added to whole blood from cat keeping aller-
ic individuals, the effect on basophil sensitivity to cat allergen
as minimal. Fig. 7 shows the effect of serum containing high

evels of cat allergen specific IgG on responses of basophils from
ubjects who were never keepers of cats (left column) or were
urrent cat keepers (right column). Hyporesponsiveness to aller-
en specific IgG occurred even in cat keeping subjects with low
evels of baseline cat hair allergen specific IgG (top two plots in
ight column, cat allergen specific IgG RU is <40). Whether this
s indicative of intrinsic changes in basophil responsiveness due
o chronic exposure to cat allergen/IgG/IgE complexes or reflects
ngoing inhibitory function of IgG and Fc�R was examined next.
o distinguish these two possibilities in vitro, Fc�RIIA and Fc�RIIB
ere blocked prior to the addition of cat hair allergen in subjects

eceiving immunotherapy. Acutely blocking Fc�RII had a minimal
ffect on allergen responsiveness of basophils from all but one of the
mmunotherapy subjects tested, suggesting that decreased sensi-
ivity was not dependent on ongoing interaction of IgG with Fc�RII

Fig. 8). All patients on IT have elevated cat hair allergen specific IgG
nd are exposed to high dose cat allergen in monthly subcutaneous
njections promoting circulating IgG/cat allergen complexes. These
xperiments support the possibility that chronic in vivo exposure
f IgG-containing allergen immune complexes cause an intrinsic
rick test to cat allergen and reported efficacy of his treatment (he currently keeps a
th resulted in enhanced basophil sensitivity. Despite high levels of cat hair allergen
Cat hair allergen specific IgG levels: (A) 4.0 × 103 RU, (B) 6.1 × 105 RU, (C) 5.0 × 103

change in basophil reactivity. We are currently exploring whether
this effect is antigen specific. Our findings also suggest that high
levels of allergen specific IgG are not sufficient to block allergen
binding to IgE on basophils, a mechanism suggested for the modu-
latory effects of immunotherapy-induced IgG on B cells [7].

4. Discussion

Previous studies have led to suggestions that the beneficial
effects of immunotherapy may be mediated by regulatory T cells,
altered Th cytokine milieu, blocking antibodies and/or active IgG
immune complex induced inhibitory signaling. Studies described
here test the effects of blood born agents produced during IT on the
activation of basophils by allergen. Results demonstrate that cat
hair allergen specific IgG antibodies are produced in the course of
IT and inhibit basophil responses to allergen via a mechanism that
requires their binding to both Fc�RIIA and Fc�RIIB immunoglobu-
lin Fc receptors. The ability of Fc�R blockade to prevent inhibition
indicates that IgG antibodies produced in response to IT do not
act primarily by preventing allergen access to IgE-liganded Fc�RI,
and reveal a previously unrecognized cooperative role for Fc�RIIA
in inhibitory signaling. Consistent with requirements for both IgG
receptors, we found that both Fc�RIIA and Fc�RIIB are expressed on
ex vivo human basophils. Finally, it should be noted that our iden-
tification of peripheral blood basophils with the markers CD45, IgE
and CD203C would not exclude mast cell progenitors.

A caveat to the interpretation that Fc�RIIA functions in pro-
motion of inhibitory signaling in this situation comes from the
following. It is remotely possible that when bound to Fc�RIIA,
the Fc of aglycosylated IV.3 associates with and blocks neighbor-
ing Fc�RIIB despite undetectable affinity for the receptor. Such
blocking might not be detected by staining with higher affinity
anti-Fc�RIIB antibody (Fig. 2C). This possibility could be excluded

by showing that either F(ab′)2 or F(ab) fragments of IV.3 also block
inhibitory signaling. Unfortunately, despite repeated attempts we
were unable to produce IV.3 fragments that retained Fc�RIIA bind-
ing activity, and thus could not undertake this experiment. Such
instability is often seen in monoclonal antibodies.
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Interestingly, Fc�RIIB expression on basophils from subjects
eceiving cat allergen immunotherapy was present at significantly
ower levels than on basophils from subjects without any aller-
ic symptoms (p = 0.024). The observed differential expression of
c�RIIB in these subjects is reminiscent of IL-4 down-regulation
f Fc�RIIB expression by activated B cells. This effect opposes the
nfluence of IL-4, IL-10 or TGF-� which up-regulate Fc�RIIB expres-
ion on dendritic cells and monocytes [10]. Thus Fc�RIIB expression
n basophils could be affected by the cytokine milieu in these sub-
ects.

The reported effects, while demonstrating an active inhibitory
ole for IgG antibodies in IT, do not exclude functions of regulatory
cells or Th cytokines whose functions would not be manifest at

he level of basophil activation. Furthermore, we cannot exclude
he possibility that IT with other allergens or using other regimens

ay lead to production of blocking antibodies.
Perhaps the most surprising findings in these studies were the

xpression and requisite role of Fc�RIIA in inhibitory signaling by
asophil Fc�R. Until description of the Fc�RIIA and Fc�RIIB spe-
ific antibodies IV.3 and 2B6, respectively, it was not possible to
istinguish these receptors by cell staining. The low frequency of
asophils in peripheral blood limited analysis using immunochem-

cal and genetic approaches. Previous studies examining Fc�RIIB
odulation of IgE-mediated activation have been done either in

he murine system, which lacks Fc�RIIA, or in systems that have
ot excluded the involvement of Fc�RIIA [13].

The observed role of Fc�RIIA in inhibitory signaling is logical
hen one considers that Fc�RIIB phosphorylation and consequent

ecruitment and stimulation of effector phosphatases (SHIP-1 and
HP-1) requires activation of the Lyn tyrosine kinase by a co-
ggregated ITAM containing receptor such as Fc�RIIA or Fc�R1. Of
urther conceptual importance is the fact once activated the pri-

ary Fc�RIIB effector pathway, i.e. the SHIP-1, Dok-1 pathway, is
ble to function in trans to inhibit remotely stimulated receptors
32,33]. In the system utilized here Lyn activating function theo-
etically could be provided by Fc�RI or Fc�RIIA co-aggregated with
c�RIIB. However, since on ex vivo basophils Fc�RI are occupied by
gE with many alternate specificities, the effective concentration
f Fc�RI that could co-aggregate with Fc�RIIB is very low relative
o Fc�RIIA. Since Fc�RIIA and B are low affinity receptors, they
re not preoccupied and thus are available for high stoichiom-
try co-aggregation by IgG-containing immune complexes. Thus
e suggest that IgG-allergen immune complexes co-aggregate

hese receptors leading to Fc�RIIA activation of Lyn, which phos-
horylates tyrosines within the ITIM of Fc�RIIB, resulting in the
ecruitment and activation of the SHIP-1 circuit. Phosphorylated
HIP-1 acting in concert with its adaptor downstream of kinase,
ok-1, then act in trans to inhibit Fc�RI signaling. The ability of IgG

mmune complexes to trigger SHIP-1 activation in the absence of
ssociation with IgE receptors, could explain the reported nonspe-
ific desensitization of mediator cells [34].

It is noteworthy that under certain circumstances Fc�RIIA is
ble to activate SHIP-1 signaling independent of Fc�RIIB [35]. If this
ode of SHIP-1 recruitment were playing an independent role in
odulating IT, the IgG effects seen should not have been sensitive

o Fc�RIIB blockade (Fig. 2B). Instead, it appears allergen/immune
omplex clustering of Fc�RIIA and Fc�RIIB serves to regulate IgE
ediated activation.
This concept may relate to another unexpected finding reported

ere. Basophils from subjects that were chronically exposed to
llergen via cat keeping or allergen immunotherapy were found to

isplay reduced sensitivity to cat allergen. This hyporesponsiveness
as associated with occurrence, in these subjects, of IgG anti-

llergen antibodies. We hypothesize that this hyporesponsiveness
s caused by chronic in vivo stimulation of basophils by allergen-IgG
mmune complexes. Consistent with such a mechanism, basophils
etters 130 (2010) 57–65

from these subjects were also refractile to inhibitory stimuli ex
vivo. Fc�RII receptors on these cells may be desensitized by chronic
immune complex stimulation in vivo. This possibility is currently
under study.

Under certain conditions IgG immune complexes cause type III
hypersensitivity responses known as Arthus reactions. Cell partic-
ipation in Arthus reactions may depend upon the balance of their
expression of Fc�RIIA and Fc�RIIB. Previous studies have shown
that a 10% contamination of ITAM containing receptor aggregates
with ITIM-containing receptors, e.g. Fc�RIIB, leads to inhibition
of signaling [36]. Although the precise ratio cannot be concluded
due to requisite use of different antibodies, it is possible to com-
pare basophil expression of the Fc�RIIB to B cell expression of
the Fc�RIIB (they are approximately the same, Fig. 2C and F). One
can also compare expression levels of ITAM containing Fc�RIIA on
basophils to levels of Fc�RIIA expressed on monocytes or neu-
trophils. When this comparison is made, basophil expression of
Fc�RIIA is one full log lower (data not shown). Therefore the net
effect of immune complex binding to basophils is likely to be cis
inhibition of Fc�RIIA mediated cell activation, and trans inhibition
of Fc�RI mediated signaling. This ratio of expression of inhibitory
and activating receptors likely predisposes basophils to be resistant
to participation in Arthus reactions [17]. It is noteworthy that Fc�R
expression can be regulated by the cytokine milieu. In mice, Fc�RIIB
expression by dendritic cells and monocytes is up-regulated by IL-
4, IL-10 and TGF-�. On activated B cells, IL-4 down regulates Fc�RIIB
expression [10]. Thus cytokine milieu may modulate cellular par-
ticipation in Arthus reactions. An example of this modulation may
exist in the reduced expression of Fc�RIIB on basophils from allergic
subjects.

It is well established that Fc�R binding is influenced by both IgG
isotype and Fc�R polymorphisms [37]. Addition of cat hair aller-
gen specific IgG antibodies from subjects on immunotherapy was
sufficient to mediate a shift in allergen sensitivity of basophils. In
subjects lacking chronic high dose exposure to cat allergen, the
presence of cat allergen specific IgG antibodies in whole blood was
also associated with a shift in basophil sensitivity (Figs. 5 and 6).
Levels of allergen specific IgG1 Abs were inversely associated with
basophil sensitivity, independent of cat hair allergen specific IgE
levels. Although the IgG1 subclass was particularly associated with
decreased basophil sensitivity, most (9/12) individuals we studied
had elevated cat hair specific IgG Abs from multiple IgG subclasses.
Because of limiting material, we did not analyze the contribu-
tion of allergen specific IgG subclass representation on efficacy of
immunotherapy. Such studies are ongoing.
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