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IMDM: Iscove modified Dulbecco medium

NK: Natural killer

NOD: Nonobese diabetic

PAF: Platelet-activating factor

PE: Phycoerythrin

SCID: Severe combined immunodeficiency
Background: Humanized murine models comprise a new tool to
analyze novel therapeutic strategies for allergic diseases of the
intestine.
Objective: In this study we developed a human PBMC–
engrafted murine model of allergen-driven gut inflammation
and analyzed the underlying immunologic mechanisms.
Methods: Nonobese diabetic (NOD)–scid-gc2/2 mice were
injected intraperitoneally with human PBMCs from allergic
donors together with the respective allergen or not. Three weeks
later, mice were challenged with the allergen orally or rectally,
and gut inflammation was monitored with a high-resolution
video miniendoscopic system, as well as histologically.
Results: Using the aeroallergens birch or grass pollen as model
allergens and, for some donors, also hazelnut allergen, we show
that allergen-specific human IgE in murine sera and allergen-
specific proliferation and cytokine production of human CD41

T cells recovered from spleens after 3 weeks could only be
measured in mice treated with PBMCs plus allergen.
Importantly, these mice had the highest endoscopic scores
evaluating translucent structure, granularity, fibrin, vascularity,
and stool after oral or rectal allergen challenge and a strong
histologic inflammation of the colon. Analyzing the underlying
mechanisms, we demonstrate that allergen-associated colitis was
dependent on IgE, human IgE receptor–expressing effector
cells, and the mediators histamine and platelet-activating factor.
Conclusion: These results demonstrate that allergic gut
inflammation can be induced in human PBMC–engrafted mice,
allowing the investigation of pathophysiologic mechanisms of
allergic diseases of the intestine and evaluation of therapeutic
interventions. (J Allergy Clin Immunol 2012;nnn:nnn-nnn.)

Key words: Humanized mice, IgE, allergen, colon, inflammation,
basophils, histamine, platelet-activating factor
From aI. Medical Clinic, University of Erlangen-N€urnberg, Erlangen; bthe Department of

Dermatology, University Medical Center of the Johannes Gutenberg–Universit€at

Mainz; cInstitut Universitaire de Pathologie, Centre Hospitalier Universitaire Vaudois,

Lausanne; and dthe Division of Allergology, Paul-Ehrlich-Institut, Langen.

*These authors contributed equally to this work.

Supported by Deutsche Forschungsgemeinschaft (DFG) BE 4504/2-1 and WE 4656/1-1

grants.

Disclosure of potential conflict of interest: M. F. Neurath, J. Saloga, and I. Bellinghausen

have received research support from Deutsche Forschungsgemeinschaft. The rest of

the authors declare that they have no relevant conflicts of interest.

Received for publication May 25, 2011; revised November 24, 2011; accepted for pub-

lication November 28, 2011.

Corresponding author: Iris Bellinghausen, PhD, Department of Dermatology, University

Medical Center of the Johannes Gutenberg–Universit€at Mainz, Langenbeckstr 1,

55131 Mainz, Germany. E-mail: iris.bellinghausen@unimedizin-mainz.de.

0091-6749/$36.00

� 2012 American Academy of Allergy, Asthma & Immunology

doi:10.1016/j.jaci.2011.11.036
Understanding the immunologic mechanisms of allergic dis-
eases, including intestinal inflammation, is still limited and so are
the specific therapeutic approaches. Allergen-specific immuno-
therapy has been shown to be very efficient for the treatment of
venom and respiratory allergy but is not established for IgE-
mediated food allergy because of the risk of anaphylactic
reactions or because it has only limited effects on concomitant
food allergy.1-4 Novel therapeutic strategies, such as injection of
regulatory T cells, anti-IgE, and cytokines/anticytokines, have
been studied in murine models of allergy and asthma.5,6 However,
mice do not express specific human therapeutic targets, and the
investigation of novel drugs in human subjects is limited by eth-
ical and technical constraints. Therefore the development of hu-
manized murine models is very important to study such novel
strategies in vivo without putting human subjects at risk.7

First experiments to analyze allergic immune responses have
been performed with severe combined immunodeficiency (SCID)
mice, which lack mature T and B cells.8 In these mice total and
allergen-specific IgE levels, as well as increased airway respon-
siveness and systemic anaphylaxis induced by the release of
mediators from mast cells and basophils, such as histamine, pro-
teases, leukotrienes, prostaglandins, and platelet-activating factor
(PAF), could be measured after engraftment of PBMCs from
atopic patients but not after engraftment of PBMCs from healthy
control subjects.9-14 However, no model for the analysis of gut in-
flammation and anaphylaxis resulting from allergic reactions to
food (often associated with pollen allergy4) exists thus far. In al-
most all studies, engraftment of human PBMCs occurred at a low
level because of spontaneous generation of murine T and B cells
during aging, which is known as leakiness, and the presence of
natural killer (NK) cells and other innate immune activity, such
as macrophages and neutrophils.

The NK cell activity is lower in nonobese diabetic (NOD)-scid
mice, which were developed later and allow higher levels of hu-
man cell engraftment. Recently, humanization was performed
1

Delta:1_given name
Delta:1_given name
Delta:1_surname
Delta:1_surname
Delta:1_given name
Delta:1_given name
Delta:1_surname
Delta:1_surname
Delta:1_given name
Delta:1_given name
Delta:1_surname
Delta:1_surname
Delta:1_given name
Delta:1_given name
Delta:1_surname
Delta:1_surname
Delta:1_given name
Delta:1_given name
Delta:1_surname
Delta:1_surname
Delta:1_given name
Delta:1_given name
Delta:1_surname
Delta:1_surname
mailto:iris.bellinghausen@unimedizin-mainz.de
http://dx.doi.org/10.1016/j.jaci.2011.11.036


J ALLERGY CLIN IMMUNOL

nnn 2012

2 WEIGMANN ET AL
in NOD-scid mice bearing a targeted mutation on the gene
encoding IL-2 receptor g-chain, which leads to severe impair-
ments in T- and B-cell development and function and completely
prevents NK cell development, greatly increasing survival of hu-
man PBMCs, even at low cell numbers.7,15-17 Therefore we used
NOD-scid-gc2/2 mice in this study to develop a human PBMC–
engrafted murine model of allergy and demonstrated an allergen-
driven inflammation of the intestine, which was dependent on
human IgE, human FcεRIa–expressing effector cells, and the me-
diators histamine and PAF. Murine basophils/mast cells might
also play a role as bystanders. This model provides the possibility
to analyze novel therapeutic strategies for intervention in patients
with allergic inflammation of the intestine.
METHODS

Blood samples/donors
Heparinized blood was obtained from donors with allergy to grass or birch

pollen with allergic rhinoconjunctivitis, asthma, or both or nonallergic healthy

control subjects. Some allergic donors also showed cross-reactivity to

hazelnut and carrot. Specific sensitization was documented by positive skin

prick test responses and detection of allergen-specific IgE in the sera (CAP

class >_5 measured with the ImmunoCAP specific IgE blood test; Phadia AB,

Uppsala, Sweden). This study was approved by the local ethics committee.

Informed consent was obtained from all subjects before the study.
Mice
NOD.CB17-Prkdcscid/J or NOD.CB17-Prkdcscid/J gc2/2mice 4 to 8 weeks

of age were obtained from the Central Animal Facility of the Johannes Guten-

berg–Universit€at in Mainz, Germany. Experiments were performed in accor-

dancewith current federal, state, and institutional guidelines (authorization 23

177-07/G 08-1-009).
PBMC preparation and purification of dendritic cells

and T cells
PBMCs were isolated from heparinized blood by using Ficoll-Paque

density centrifugation (1.077 g/mL; PAA Laboratories GmbH, Pasching,

Austria). PBMCs (13 107 per well) were incubated for 45 minutes in a 6-well

plate (Greiner, Frickenhausen, Germany) in Iscove modified Dulbecco me-

dium (IMDM) containing L-glutamine and 25 mmol/L HEPES (PAA Labora-

tories GmbH) supplemented with an antibiotic-antimycotic solution

containing 100 mg/mL streptomycin, 100 U/mL penicillin, and 250 ng/mL

amphotericin B (PAA Laboratories GmbH) and 3% heat-inactivated autolo-

gous plasma at 378C to enrich CD141 monocytes. After washing the nonad-

herent cells with prewarmed PBS, the remaining monocytes (purity >90%)

were incubated in IMDM (3 mL per well) supplemented with 1% heat-

inactivated autologous plasma, IL-4 (1000 U/mL; Miltenyi Biotec, Bergisch

Gladbach, Germany) and GM-CSF (200 U/mL, Leukine; Immunex Corp,

Seattle, Wash). On day 6, the resulting immature dendritic cells (DCs) were

pulsed with birch or grass pollen allergen extract (10 mg/mL; ALK-Abell�o,

Hamburg, Germany), hazelnut allergen extract (10 mg/mL; Allergopharma,

Reinbek, Germany), or tetanus toxoid (1 mg/mL; Behringwerke, Marburg,

Germany) and further stimulated with TNF-a (1000 U/mL, Miltenyi Biotec),

IL-1b (2000 U/mL, Miltenyi Biotec), and prostaglandin E2 (1 mg/mL; Cay-

man Chemical, Ann Arbor, Mich) to induce their full maturation. Mature

DCs were harvested 48 hours after stimulation, washed twice, and used for

T-cell stimulation assays. Mature DCs expressed high levels (>90%) of

CD80, CD83, CD86, and MHC class II molecules, as controlled by means

of flow cytometry.

Autologous CD41 T cells were obtained from PBMCs or PBMC-engrafted

murine spleens by using antibody-coated paramagneticMultiSortMicroBeads

(magnetic cell sorting, Miltenyi Biotec), according to the protocol of the man-

ufacturer (purity >98% CD41 T cells).
Reconstitution of mice with PBMCs and rectal or

oral allergen challenge
Mice were injected intraperitoneally with 2 3 107 PBMCs or FcεRI-de-

pleted PBMCs together with 20 mg of birch pollen, grass pollen, or hazelnut

allergen extract in 500 mL of 0.9% NaCl. Eight days later, mice received an

additional intraperitoneal allergen boost of the same amount of allergen in

200 mL of 0.9% NaCl. Control groups received allergen or NaCl alone. On

day 21, sera were collected and stored at2208C until determination of human

allergen-specific and total IgE levels by using the ImmunoCAP specific/total

IgE blood test (Phadia AB) or based on b-hexosaminidase release. Then mice

were anesthetized and examined with a high-resolution video endoscopic Co-

loview system (Karl Storz, Tuttlingen, Germany) before and 2 to 6 hours after

challenge with 20 mg of allergen extract in 100 mL of 0.9% NaCl rectally or

with 50mg of allergen extract orally, as previously described.18 Briefly, amini-

endoscope (1.9 mm in outer diameter) was introduced through the anus, and

the colon was carefully insufflated with an air pump. Endoscopic pictures ob-

tained are of high quality and allow the monitoring and grading of inflamma-

tion of the colon up to 6 cm in depth. Thereafter, endoscopic scoring of 5

parameters from 0 to 3 (translucent structure, granularity, fibrin, vascularity,

and stool) was done, resulting in an overall score of 0 (no change) to 15 (severe

symptoms).

In some experiments mice were intraperitoneally treated with 250 mg of

human IgG control (Intratect; Biotest Pharma GmbH, Dreieich, Germany) or

250 mg of the humanized anti-IgE mAb omalizumab (Xolair; Novartis,

Huningue, France) in 200 mL of 0.9% NaCl 3 days and 1 hour before

challenge. Other groups were treated orally with a PAF receptor antagonist (10

mg/kg), ABT491 (Sigma-Aldrich, Taufkirchen, Germany), in 100mL of 0.9%

NaCl 1 hour before challenge; with intraperitoneal injection of the histamine

H1 receptor antagonist (10 mg/kg) mepyramine (Sigma-Aldrich) and the his-

tamine H2 receptor antagonist (10 mg/kg) cimetidine (Sigma-Aldrich) in

200 mL of 0.9% NaCl 30 minutes before challenge; or with all 3 antagonists

together.
Depletion of murine or human IgE

receptor–expressing effector cells and

reconstitution of mice with human pre-enriched

basophils
Micewere treated intraperitoneally with 10mg of anti-mouse FcεRIamAb

(MAR-1; BioLegend, San Diego, Calif) or 10 mg of Armenian hamster IgG as

an isotype control (BioLegend) in 200 mL of 0.9%NaCl on 3 subsequent days

beginning 6 days before challenge to deplete murine IgE receptor–expressing

effector cells. PBMCs were treated with 10 mg of mouse anti-human FcεRIa

mAb (CRA-1, BioLegend) and anti-mouse Dynabeads (Dynal, Hamburg,

Germany) before injection into mice to deplete human IgE receptor–

expressing effector cells. Additionally, mice were treated with 10 mg of

CRA-1 three days and one day before challenge. In some experiments human

basophils of the same donor were pre-enriched with the Diamond Basophil

Isolation Kit (Miltenyi Biotec), reaching a purity of at least 80% (CD1231 and

CD203c1 cells), and 23 105 of these pre-enriched basophils were injected in-

traperitoneally 4 days before challenge.
b-Hexosaminidase release
Rat basophilic leukemia cells (clone RBL-703/21), which were derived

from RBL-2H3 cells by means of transfection with the human high-affinity

IgE receptor, were cultivated and analyzed for mediator release (b-hexosa-

minidase activity) after sensitization with sera from human PBMC–engrafted

mice and stimulation with the respective allergen or the unspecific cell

degranulator phorbol 12-myristate 13-acetate plus the calcium ionophore

A23187 (Sigma-Aldrich), as described earlier.19
Histologic analysis of colon sections
Colons were removed and put into formalin for paraffin sections.

Stainingwas performedwith hematoxylin and eosin (Sigma-Aldrich), Giemsa



TABLE I. Percentage of total human cells in the spleens of NOD-

scid and NOD-scid-gc2/2 mice 3 weeks after PBMC engraftment

NOD-scid NOD-scid-gc2/2

CD45 18.1 6 14.3 51.4 6 28.8

CD3 17.2 6 13.6 49.2 6 28.4

CD4 8.1 6 6.0 23.5 6 14.0

CD8 8.7 6 6.4 29.2 6 15.5

CD19 0.8 6 0.7 2.8 6 2.2

Shown are the means 6 SEMs from 24 mice receiving PBMCs from 8 different

allergic donors.
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(Sigma-Aldrich), or mouse anti-human CD45 (2B11 and PD7/26; DakoCy-

tomation, Glostrup, Denmark), CD3 (LN10; Leica Biosystems Newcastle Ltd,

Newcastle, United Kingdom), CD4 (4B12, DakoCytomation), or CD8 (4B11;

AbD Serotec, Oxford, United Kingdom) and visualized with the Dako REAL

EnVision Detection System (Peroxidase/DAB1, Rabbit/Mouse; DakoCyto-

mation), according to the manufacturer’s instructions. Slides were analyzed

with an Olympus BX40 microscope (Olympus, Center Valley, Pa) by using

the ColorView Soft Imaging system camera and software. Grading of colitis

activity was done in a blinded fashion by a pathologist (H. A. Lehr).
FIG 1. Production of human total and allergen-specific IgE in human

PBMC–engrafted NOD-scid-gc2/2 mice. PBMCs (2 3 107) were injected in-

traperitoneally with or without the respective allergen, and human IgE

levels were measured in murine sera 3 weeks later by using the Immuno-

CAP test (A) or b-hexosaminidase activity of FcεRI-transfected RBL cells

(B). Shown are means 6 SEMs of 9 (8 for Fig 1, B) different experiments.

*P <_ .01 compared with no allergen stimulation.
T-cell preparation and antigen restimulation in vitro
Two hours after rectal challenge and subsequent endoscopy, mice were

killed by means of cervical dislocation. Spleens were removed and dispersed

through a 70-mm nylon cell strainer (BD Biosciences, San Jose, Calif). After

red blood cell lysis, cells werewashed twicewith PBS and pooled for isolation

of human CD41 T cells, as described above. For proliferation assays, 13 105

CD41 T cells were cocultured in 96-well plates (Greiner) in triplicates with

1 3 104 autologous unpulsed, allergen-pulsed, or tetanus toxoid–pulsed

DCs in 200 mL of IMDM supplemented with 5% heat-inactivated autologous

plasma. After 5 days, the cells were pulsed with 37 kBq per well of tritiated

thymidine (ICN, Irvine, Calif) for 6 hours, and tritiated thymidine incorpora-

tion was evaluated in a beta counter (1205 Betaplate; LKB Wallac, Turku,

Finland). For cytokine production assays, 5 3 105 CD41 T cells were cocul-

tured in 48-well plates in the presence of 5 3 104 autologous unpulsed,

allergen-pulsed, or tetanus toxoid–pulsed DCs in 1 mL of IMDM supple-

mented with 5% heat-inactivated autologous plasma. On day 7, T cells were

restimulated with 5 3 104 newly generated DCs, and supernatants were col-

lected 24 hours later.
Flow cytometric analysis
Surface phenotyping was performed by staining 5 3 105 CD41 human T

cells, 53 105 splenocytes, 5 3 104 human DCs, or 53 104 pre-enriched ba-

sophils with specific mAbs for 20 minutes at 48C, washing, and analysis in a

FACSCalibur (BDBiosciences) equippedwith CELLQuest Software. The fol-

lowing mAbs were used: fluorescence isothiocyanate–conjugated anti-human

HLA-DR (L243) and anti-human CD3 (UCHT1); phycoerythrin (PE)–conju-

gated anti-human CD80 (L307.4), anti-human CD83 (HB15e), anti-human

CD86 (2331[FUN-1]), and anti-human CD45 (HI30); allophycocyanin

(APC)–conjugated anti-mouse CD117 (2B8) and mouse and rat IgG isotype

controls (all BD Biosciences); Alexa Fluor 647–conjugated anti-human

CD4 (MT310; Santa Cruz Biotechnology, Inc, Santa Cruz, Calif); APC-

conjugated anti-human CD8 (MEM-31) and anti-human CD19 (LT19; Euro-

BioSciences, Friesoythe, Germany); PE-conjugated anti-human CD123

(AC145) andAPC-conjugated anti-humanCD203c (FR3-16A11,Miltenyi Bi-

otec); and PE-conjugated anti-mouse FcεRIa (MAR-1) and fluorescence iso-

thiocyanate–conjugated anti-mouse CD49b (DX5, BioLegend).
Quantification of cytokine production by means of

ELISA
Human IL-4, IL-10, IL-13, and IFN-g levels were measured by using

ELISA, according to the manufacturer’s instructions (BD Biosciences).
Statistics
The Student 2-tailed t test was used to test the statistical significance of the

results: a P value of .05 or less was considered significant.
RESULTS

Detection of allergen-specific human IgE production

in sera from allergen-treated NOD-scid-gc2/2 mice

engrafted with PBMCs from allergic donors
In preliminary experimentswe had shown thatNOD-scid-gc2/2

micewere superior to normal NOD-scidmice concerning the sur-
vival of human cells, even at low cell numbers (Table I). There-
fore we developed a human PBMC–engrafted model of allergy
in this murine strain by injection of PBMCs from donors allergic
to grass pollen, birch pollen, or hazelnut and treatment of themice
with the respective allergen or not. To analyze whether and at
which time point a humoral allergen-specific immune response
was detectable, we measured total and allergen-specific human
IgE levels in sera from NOD-scid-gc2/2 mice weekly after
PBMC engraftment. We could demonstrate that total and
allergen-specific human IgE was produced from day 14 onward
until the end of the experiment in the sera of almost every mouse
(data not shown). The presence of the allergen did not change to-
tal IgE production in the mice, whereas allergen-specific IgE pro-
duction was significantly enhanced (P 5 .0067; Fig 1, A).



FIG 2. Allergen-specific proliferation and cytokine production in human PBMC–engrafted NOD-scid-gc2/2

mice. Three weeks after PBMC engraftment, human CD41 T cells were recovered from spleens and

stimulated with autologous unpulsed (DCmedium), allergen-pulsed (DC allergen), or tetanus toxoid–pulsed

DCs (DC TT) to analyze their proliferation (A) and cytokine production (B). Shown are means 6 SEMs of 6

different experiments. *P <_ .05 compared with DC medium.
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Furthermore, b-hexosaminidase release of FcεRI-transfected
RBL cells was significantly enhanced only after incubation of
the cells with sera from PBMC plus allergen–treated mice and
stimulation with the respective allergen (Fig 1, B).
Allergen-specific proliferation and cytokine

production by human CD41 T cells isolated from the

spleens of PBMC plus allergen–treated NOD-scid-
gc2/2 mice

To analyze proliferation and cytokine production after in vitro
restimulation of engrafted CD41 T cells, these cells were isolated
from pooled spleens (at least from 2mice per group) 3 weeks after
PBMC engraftment in the presence or absence of allergen and re-
stimulated with unpulsed (medium) or allergen-pulsed autolo-
gous DCs. Freshly isolated CD41 T cells from the same donor
were used for comparison. Fig 2, A, shows that CD41 T cells
were able to proliferate in response to allergen-pulsed DCs
in vitro only when they were derived from mice that had received
PBMCs together with the allergen. Allergen-specific proliferation
was comparable with that of freshly isolated CD41 T cells of the
same donor.

Similarly, allergen-induced production of IL-4, IL-10, IL-13,
and IFN-g could only be observed in CD41 T cells isolated from
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allergen-treated mice and in freshly isolated CD41 T cells (Fig 2,
B). Stimulation with tetanus toxoid–pulsed DCs did not lead to
proliferation or cytokine production in CD41 T cells recovered
from murine spleens, whereas freshly isolated CD41 T cells
from all vaccinated human donors responded well to this stimulus
(Fig 2), indicating the necessity of antigen-specific stimulation
after transfer of human cells into the mice.
Allergen-specific gut inflammation in human

PBMC–engrafted mice after rectal or oral allergen

challenge
NOD-scid-gc2/2mice were reconstituted with human PBMCs

from allergic donors in the presence or absence of the respective
allergen and challenged rectally or orally with the allergen or
NaCl as a control after 3 weeks to analyze gut inflammation. Be-
fore challenge, no inflammation was observed during endoscopic
scoring of the colon (the small intestine was not accessible by us-
ing our Coloview system) when evaluating translucent structure,
granularity, fibrin formation, vascularity, and stool. After rectal
allergen challenge, signs of allergen-induced colitis already ap-
peared within 1 to 2 hours, and after oral allergen challenge, these
signs appeared within 6 to 24 hours. After rectal but not oral aller-
gen challenge, all mice that had received PBMCs from allergic
donors already showed a significantly enhanced clinical score
compared with scores seen in control mice that had received aller-
gen alone and no PBMCs. The addition of the allergen at the same
time point of PBMC engraftment and 8 days later strongly and
significantly increased the endoscopic score in response to both
challenge routes (Fig 3, A and B). Importantly, rectal or oral chal-
lenge of PBMC- or PBMC plus allergen–engrafted mice with
NaCl instead of the allergen did not lead to increased scores com-
pared with those seen in control mice. Mice receiving allergen
plus PBMCs from nonallergic healthy donors also did not show
enhanced gut inflammation after rectal or oral allergen challenge
(Fig 3, A and B).

Histology of the colons showed early inflammatory changes,
such as strong mucosal hypertrophy and enhanced wall thicken-
ing, together with infiltration of the mucosa with mononuclear
cells, especially lymphocytes and neutrophils, in mice that had
received human PBMCs from allergic donors but not in mice that
had received allergen alone and no PBMCs (Fig 3,C). Further im-
munohistologic staining revealed a similar infiltration of the co-
lon (Fig 3, D) with human CD451 cells, regardless of whether
the allergen was coinjected with the PBMCs during engraftment.
Human CD451 cells mainly consisted of CD31CD41 or
CD31CD81 T cells (data not shown) and were also present in
other organs, such as the spleen (Table I), lung, liver, and skin, in-
dicating some graft-versus-host reactions of human cells against
murine MHC molecules in all tissues.
Prevention of allergen-induced gut inflammation by

blockade of human IgE or the mediators histamine

and PAF
PBMC plus allergen–treated mice were pretreated with the

humanized anti-IgE mAb omalizumab, human IgG control, H1

and H2 receptor antagonists, a PAF receptor antagonist, or hista-
mine receptor and PAF receptor antagonists together before rectal
challenge to assess the role of human IgE and mast cell– or
basophil-derived mediator in allergen-specific gut inflammation.
In Fig 4 it is shown that depletion of human IgE by neutralizing
antibodies significantly inhibited allergen-induced gut inflamma-
tion. The human IgG control had no effect. Blockade of histamine
and particularly PAF antagonism also strongly inhibited allergen-
induced colitis. Treatment of mice with all 3 pharmacologic com-
pounds resulted in a complete loss of gut inflammation beyond
background levels. Of note, the levels of allergen-specific IgE,
as well as allergen-specific proliferation and cytokine production,
in vitro were similar in all groups, indicating equal sensitization
(data not shown).
Allergen-driven gut inflammation is primarily

mediated by IgE receptor–expressing effector cells

among human PBMCs
Because human IgE has been described to not bind to murine

FcεRI,20,21 we wondered whether IgE receptor–expressing effec-
tor cells among human PBMCs are responsible for allergen-
driven gut inflammation. To clarify this assumption, we depleted
IgE receptor–expressing cells among human PBMCs before
injection into mice, by means of intraperitoneal injection of the
anti-human FcεRIa mAb CRA-1, or both. Both depletion
methods strongly inhibited allergen-driven colitis (Fig 5). To
analyze further whether murine basophils, mast cells, or both
are involved in the inflammation, we treated the mice with intra-
peritoneal injection of the anti-mouse FcεRIa mAb MAR-1 on 3
subsequent days, which has been shown to completely deplete ba-
sophils and partially deplete peritoneal mast cells already after 4
hours up to 12 days.22 Staining of blood or splenic cells with mu-
rine CD117 mAb or CD49b mAb together with MAR-1 also re-
vealed a significant depletion of basophils in the blood and
mast cells in the spleen (Fig 6, A and B). However, in Fig 6, C,
it is shown that mast cells in the gut were not completely depleted
because they were still detectable by staining with Giemsa. Nev-
ertheless, injection of MAR-1 strongly inhibited allergen-driven
inflammation of the intestine, whereas hamster IgG isotype
control had no effect (Fig 6, D and E). Because MAR-1 also rec-
ognizes human FcεRI1 cells to some extent, we added pre-
enriched human CD1231CD203c1 basophils (Fig 6, F) together
with MAR-1 on the last day of basophil/mast cell depletion. This
treatment resulted in a complete restoration of gut inflammation
(Fig 6, D and E).
DISCUSSION
In the present study we developed, for the first time, a model of

human allergen-specific IgE- and human IgE receptor–expressing
cell-dependent inflammation in the guts of human PBMC–
engrafted NOD-scid-gc2/2 mice using the aeroallergens birch
and grass pollen as model allergens and, for some donors, also ha-
zelnut allergen. Enhanced signs of colitis were observed in the co-
lon after rectal or oral allergen challenge only in mice that had
been engrafted intraperitoneally with PBMCs from allergic do-
nors but not in mice that had received PBMCs from healthy vol-
unteers or no PBMCs at all. Immunization of mice with the
respective allergen during PBMC transfer further increased the
endoscopic score. Furthermore, allergen-driven inflammation of
the colon correlated with the presence of allergen-specific human
IgE in murine sera and allergen-specific T-cell proliferation and
cytokine production. Inflammation of the small intestine after
oral allergen challenge could not be investigated by means of



FIG 3. Allergen-specific gut inflammation in human PBMC–engrafted NOD-scid-gc2/2mice. Three weeks af-

ter PBMC engraftment, mice were examined with a video miniendoscope before and after rectal (or oral)

allergen challenge. A and B, Shown are the endoscopic pictures (Fig 3, A) of a representative result and

the means6 SEMs of the endoscopic score (Fig 3, B) of 7 (6) different experiments (3 [2] for healthy donors)

with at least 2 mice per group. *P <_ .01 compared with the ‘‘no PBMC’’ group. §P <_ .01 compared with the

‘‘PBMC allergic’’ group. C and D, Staining of the colon with hematoxylin and eosin (3200x magnification)

or anti-human CD45 (340 magnification) after rectal challenge. i.p., Intraperitoneal.
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FIG 4. Gut inflammation is mediated by human IgE and the mediators PAF and histamine. NOD-scid-gc2/2

micewere treated and challenged as described in Fig 3. Human IgG control and the humanized anti-IgEmAb

omalizumab were administered 3 days and 1 hour before rectal allergen challenge. PAF receptor antagonist

or H1 and H2 receptor antagonists were administered 1 hour or 30 minutes before challenge. Shown are the

endoscopic pictures (A) of 1 representative result and the single values of the endoscopic score (B) of 7

different experiments.
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colonoscopy, and histologic analysis revealed no signs of inflam-
mation in this organ already in more severe experimental colitis
models.23 In NOD-scid mice, which had been used for pilot ex-
periments, similar results could be observed but only in some
mice because of limited human CD41 T-cell and B-cell survival
and subsequent lack of allergen-specific IgE production in these
mice. These findings are consistent with a recent report from
King et al17 also showing a superior human PBMC engraftment
in NOD-scid-gc2/2 mice compared with that seen in NOD-scid
mice with low intradonor and interdonor variability.

In some experiments, especially after rectal allergen challenge,
there was no great difference between the endoscopic scores of
NOD-scid-gc2/2mice receiving PBMCs alone or those receiving
PBMCs plus allergen. This might be due to the fact that too many
human cells had migrated into the colons of these mice, probably
inducing some unspecific graft-versus-host reactions of human
cells against murine tissues.24 Nevertheless, allergen specificity
could clearly be shown by the use of NaCl or another allergen/
antigen for challenge or restimulation assays, which was not
injected together with PBMCs. The antigen tetanus toxoid, for ex-
ample, did not increase endoscopic scores, and neither increased
proliferation nor cytokine production was observed.

Up to now, allergic immune responses have only been studied
in human PBMC–engrafted SCID or NOD-scidmice. Because of
the high differences in the frequencies and levels of PBMC en-
graftment depending on donor and recipient variability, it is diffi-
cult to use thesemice for analysis of novel inhibitory strategies for
the treatment of allergic diseases. Here we describe for the first
time a reliable and reproducible model of allergic inflammation
in NOD-scid-gc2/2 mice engrafted with PBMCs from allergic
donors together with the respective allergen, resulting in prolifer-
ation, cytokine production, allergen-specific IgE production, and
allergen-induced inflammation in the colon and airways/lung (the
latter published separately25). The presented model might be



FIG 5. Depletion of human FcεRI-expressing effector cells prevents allergen-specific gut inflammation.

NOD-scid-gc2/2 mice were treated with PBMCs or FcεRIa-depleted PBMCs and challenged as described in

Fig 3. Anti-human FcεRIamAb was additionally applied 3 days and 1 day before challenge. A and B, Shown

are the endoscopic pictures (Fig 5,A) of 1 representative result and the single values of the endoscopic score

(Fig 5, B) of 5 different experiments. C, Staining of the colon with hematoxylin and eosin (3200

magnification).
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useful to study novel immunotherapeutic drugs or strategies for
the treatment of allergic diseases, including food allergy. It is
now possible to answer the question of whether the allergic im-
mune response can be inhibited by adoptive transfer of regulatory
T cells or soluble suppressivemediators, which are involved in the
regulation of allergy and induced or expanded during allergen-
specific immunotherapy.26-28 Studies in murine models of asthma
have already demonstrated that IL-10–producing regulatory type
1 cells can prevent allergen-induced airway hyperreactivity and
inflammation and that this process is mediated by inducible cos-
timulator–inducible costimulator ligand interaction and by IL-10
derived from pulmonary DCs.29 Alternatively, depletion of the
recently defined proinflammatory TH17 cells or their produced
cytokines, which play an important role in chronic tissue inflam-
mation, can be analyzed.30

Analyzing whether the effector mechanisms being activated
are human or murine, we could demonstrate that allergen-specific
inflammation of the intestine was primarily dependent on human
IgE– and human IgE receptor–expressing cells in the PBMCs
because depletion of human FcεRIa–expressing cells among
human PBMCs before injection into mice decreased the endo-
scopic score to background levels. Furthermore, the humanized
anti-human IgE mAb omalizumab, which reduces the serum IgE
concentration within hours,31 significantly inhibited the endo-
scopic score, whereas the control IgG had no effect. However, de-
pletion or at least inactivation of murine basophils/mast cells by
the anti-mouse FcεRIa mAb MAR-1 before rectal allergen chal-
lenge also strongly reduced allergen-specific gut inflammation.
One explanation of this finding is the fact that MAR-1 also binds
to human IgE receptor–expressing cells in vitro to some extent
(data not shown) and might thus interfere with them in vivo. An-
other explanation could be that activated human effector cells and
their mediators initiate additional activation of murine effector
cells. However, even if the latter really is the case, murine effector
cells can be replaced by pre-enriched human basophils, further
‘‘humanizing’’ the model. Therefore human, but not murine,
FcεRIa–expressing effector cells are essential in this model.

In addition to depletion of IgE receptor–expressing cells,
decreased inflammation of the colon was further observed through
inhibitionof themast cell– andbasophil-derivedmediators PAFand
histamine bypharmacologic antagonists. The endoscopic scorewas
even inhibited to background levels by concomitant injection of
PAF and histamine receptor antagonists before rectal allergen
challenge. Similar results have recently been reported by Arias
et al32 for peanut-induced anaphylaxis in peanut-sensitized mice.
Moreover, efficacy of the PAF antagonist ABT-491 has already



FIG 6. Gut inflammation is prevented by depletion of murine basophils/mast cells but can be restored by

addition of human pre-enriched basophils. NOD-scid-gc2/2 mice were treated and challenged as described

in Fig 3. Anti-mouse FcεRIamAb or hamster IgG control was administered 6 to 4 days, and pre-enriched hu-

man basophils were administered 4 days before challenge. A, One representative staining of murine blood

before and after depletion. B, The single values of the percentage of anti-human CD452, anti-mouse

CD1171/FcεRI1 cells in pooled spleens of 7 different experiments. C, Giemsa staining of murine mast cells

in the gut (3400magnification).D and E, Endoscopic pictures of 1 representative result and the single values

of the endoscopic score of 8 different experiments. F, One representative staining of human pre-enriched

basophils. FITC, Fluorescein isothiocyanate.
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been shown in experimental allergic rhinitis in Brown Norway rats
and guinea pigs.33 In both studies, as well as in our study, coadmin-
istration of an antihistamine inhibitor together with the PAF recep-
tor antagonist further enhanced the suppressive properties.
Taken together, the newly developed human PBMC–engrafted
murine model of allergy and allergen-driven inflammation of the
intestine presented here is a suitable model to study not only
existing drugs, such as omalizumab, but also novel
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pharmacologic and immunologic intervention for the therapy of
allergic diseases, including inflammation of the intestine, also
occurring in food allergy, in which therapeutic options are very
limited thus far.

We thankMrs Evelyn Montermann, Mrs Claudia Braun, andMrs Anne von

Berg for excellent technical assistance.

Clinical implications: IgE-mediated allergic colitis can be in-
duced in a human PBMC–engrafted murine model, allowing
the analysis of novel therapeutic approaches.
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