Activated glycoprotein A repetitions predominant
(GARP)-expressing regulatory T cells inhibit allergen-
induced intestinal inflammation in humanized mice
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Background: Recently, we developed a humanized mouse model
of allergen-induced IgE-dependent gut inflammation in PBMC-
engrafted immunodeficient mice.

Objective: In the present study, we wanted to investigate the role of
regulatory T (Treg) cells and their activation status in this model.
Methods: Nonobese diabetic-severe combined
immunodeficiency-yc ™'~ mice were injected intraperitoneally
with human PBMCs from allergic donors together with the
respective allergen or NaCl as control in the presence or
absence of different concentrations of CD4*CD25" Treg cells of
the same donor. After an additional allergen boost 1 week later,
mice were challenged with the allergen rectally on day 21 and
gut inflammation was monitored by a high-resolution video
mini-endoscopic system evaluating translucency, granularity,
fibrin production, vascularity, and stool.

Results: Allergen-specific human IgE in mouse sera, which was
detectable only in PBMC plus allergen-treated mice, was
strongly inhibited by coinjection of Treg cells at a ratio of at
least 1:10. Consequently, the presence of Treg cells significantly
decreased IgE-dependent allergen-induced gut inflammation
after rectal allergen challenge. In addition, Treg cells reduced
allergen-specific proliferation and cytokine production of
recovered human CD4™ T cells in vitro. Activation of Treg cells
before injection further increased all inhibitory effects.
Prevention of gut inflammation also occurred by the
administration of glycoprotein A repetitions predominant, a
molecule expressed by activated Treg cells, whereas its blockade
completely abrogated inhibition by Treg cells.

Conclusions: These results demonstrate that allergen-specific
gut inflammation in human PBMC-engrafted mice can be
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avoided by enhancing the numbers or activity of autologous
Treg cells, which is of great interest for therapeutic intervention
of allergic diseases of the intestine. (J Allergy Clin Immunol
2015;136:159-68.)
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Tolerance induction in allergic diseases is characterized by the
generation of allergen-specific regulatory T (Treg) cells, leading to
an inhibition of T2 cells, and represents one main mechanism of
effective allergen-specific immunotherapy.’ However, not all pa-
tients can be cured by allergen-specific immunotherapy, and there
still remains the problem of severe adverse effects, especially the
risk of anaphylactic reactions in food allergy.z'3 Other therapeutic
approaches aiming at decreasing the Ty2 response by blocking
critical T2 cytokines such as IL-4, IL-5, IL-9, and IL-13 or the
effector molecules IgE and CRTH2 have been successfully demon-
strated in several mouse models of allergy. Except for the anti-
human IgE mAb omalizumab, they failed to show convincing re-
sults in human clinical trials or were effective only in specific sub-
sets of patients with asthma.”® To overcome these limitations of
translating discoveries in rodents into clinical applications, immu-
nodeficient mice engrafted with functional human cells and tis-
sues, termed humanized mice, have been developed. Humanized
mice are an important preclinical tool for in vivo studies of human
pathogens that do not infect mice, such as human immunodefi-
ciency virus type 1 or hepatitis B and C viruses,” and have also
been used to study allergic immune responses.'’'* However, these
first humanized mouse models focused on the analysis of airway
hyperresponsiveness and lung inflammation, whereas allergen-
induced inflammation of the intestine in the context of pollen-
related or other food allergy was not investigated.

Therefore, we recently established a humanized mouse model
of allergic gut inflammation by engrafting PBMCs from highly
sensitized allergic donors (allergen-specific IgE level of at
least > 50 kU/L) in immunodeficient nonobese diabetic (NOD)-
severe combined immunodeficiency (scid )—'ycf/f mice. Because
of a targeted mutation on the IL-2R vy-chain gene, which leads to
severe impairments in T- and B-cell development and function
and completely prevents natural killer cell development, these
mice were superior to all other strains used so far by allowing
the survival of human cells even at low cell numbers.'*'> Regard-
less of the allergen used in our model, that is, the aeroallergens
birch pollen, alder pollen, hazel pollen, grass pollen, or house
dust mite, the food allergens hazelnut or peanut, or insect venom
allergens, we were able to measure not only an allergen-specific
inflammation of the lung after intranasal allergen challenge,'®"’
but, for the first time, also an allergen-specific gut inflammation
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Abbreviations used
DC: Dendritic cell
GARP: Glycoprotein A repetitions predominant
IMDM: Iscove modified Dulbecco medium
NOD: Nonobese diabetic
SCID: Severe combined immunodeficiency
Treg: Regulatory T

when the mice were challenged rectally or orally with the
respective allergen.'® Analyzing whether the effector mecha-
nisms being activated are human or murine, we could demonstrate
that the allergen-specific inflammation of the colon was primarily
dependent on human IgE and IgE receptor—expressing effector
cells among PBMCs, and the mediators histamine and platelet-
activating factor, while murine mast cells or murine basophils
might play a role as bystanders.'® In the present study, we
analyzed the influence of Treg cells in this model and could
demonstrate that activated glycoprotein A repetitions predomi-
nant (GARP)-expressing Treg cells inhibited allergen-specific
gut inflammation in a prophylactic as well as in a therapeutic
approach.

METHODS

Patients

Heparinized blood was obtained from 18 allergic donors suffering from
allergic rhinoconjunctivitis and/or asthma to aeroallergens. Some allergic
donors also showed cross-reactivity to hazelnut or peanut. Specific sensitiza-
tion was documented by positive skin prick test result and detection of
allergen-specific IgE in the sera (CAP class > 5 measured with the Immuno-
CAP specific IgE blood test; Thermo Fisher Scientific, Phadia GmbH,
Freiburg, Germany). This study was approved by the local ethics committee.
Informed consent was obtained from all subjects before the study.

Mice

NOD.CB17-Prkdc*“/J ycfl* mice (Jackson Laboratory, Bar Harbor, Me)
were kept under specific pathogen-free conditions in the Central Animal Fa-
cility of the University Medical Center of the Johannes Gutenberg-
University in Mainz. Four- to 8-week-old male or female mice were used.
Experiments were performed in accordance with current federal, state, and
institutional guidelines (authorization no. 23 177-07/G 13-1-011).

Generation of monocyte-derived allergen-pulsed

dendritic cells

PBMCs were isolated from heparinized blood by Ficoll-Paque 1.077 g/mL
(PAA Laboratories GmbH, Pasching, Austria) density centrifugation. To
enrich CD14™ monocytes, 5 X 10° PBMCs per well were incubated for 45 mi-
nutes in a 12-well plate (Greiner, Frickenhausen, Germany) in Iscove modified
Dulbecco medium (IMDM) containing L-glutamine and 25 mM Hepes
(IMDM, PAA Laboratories GmbH) supplemented with an antibiotic-
antimycotic solution containing 100 pg/mL streptomycin, 100 U/mL peni-
cillin, and 250 ng/mL amphotericin B (PAA Laboratories GmbH) and 3%
heat-inactivated autologous plasma at 37°C. After washing the nonadherent
cells with prewarmed PBS, the remaining monocytes (purity > 90%) were
incubated in IMDM (1.5 mL/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 pollen, grass pollen, or house dust mite allergen extract (10 g/
mL; ALK-Abello, Hamburg, Germany), or tetanus toxoid (I pg/mL;
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Behringwerke, Marburg, Germany), and further stimulated with TNF-a
(1000 U/mL; Miltenyi Biotec), IL-18 (2000 U/mL; Miltenyi Biotec), and
prostaglandin E; (1 pg/mL; Cayman 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
more than 90% of CD80, CD83, CD86, and MHC-class II molecules as
controlled by flow cytometry.

Purification of T cells

Autologous CD4" T cells were obtained from PBMCs or PBMC-
engrafted murine spleens using antibody-coated paramagnetic MultiSort
MicroBeads (MACS; Miltenyi Biotec) according to the protocol of the manu-
facturer. After detaching, CD4" T cells were stained with CD25 MicroBeads
(Miltenyi Biotec) and CD47CD25% T cells were positively and
CD4"CD25 T cells were negatively selected. Separation was controlled
by flow cytometry (purity > 98% CD4™" T cells, >98% CD4"CD25™ T cells,
and >95% CD4"CD25" T cells).

Activation of Treg cells and depletion of GARP-

expressing Treg cells

Treg cells were activated with 0.5 pg/mL anti-human CD3 mAb (UCHTI;
R&D Systems, Wiesbaden, Germany) and 1 pwg/mL anti-human CD28 mAb
(CD28.2; BD Biosciences, San Jose, Calif) or left untreated for 24 hours
before injection into mice. For the experiments analyzing the effect of GARP,
Treg cells were activated with autologous allergen-pulsed DCs in a ratio of
10:1 for 48 hours. Then, GARP-expressing cells among activated Treg cells
were depleted by 1 g of mouse anti-human GARP mAb (7B11; BioLegend,
San Diego, Calif) and anti-mouse Dynabeads (Invitrogen, Darmstadt, Ger-
many). In some experiments, mice were also treated intraperitoneally with
10 pg of 7B11 or 10 wg of mouse IgG2b isotype control (MPC-11;
BioLegend) at the time point of Treg-cell injection.

Reconstitution of mice with PBMCs in the presence
or absence of Treg cells and rectal allergen

challenge

Mice were injected intraperitoneally with 1 X 107 PBMCs in the presence
or absence of Treg cells at aratio of 1:10 or 1:20 (ie, 1 X 10°0r 0.5 X 10° Treg
cells) with or without the addition of the respective allergen (20 pg) in 500 wL.
0.9% NaCl, and, in some experiments, with or without the addition of 4 g
human recombinant GARP (LRRC32; R&D Systems, Wiesbaden, Germany).
Eight days later, mice received an additional intraperitoneal allergen boost of
the same amount of allergen in 200 wL 0.9% NaCl. Control groups received
allergen or NaCl alone. In therapeutic experiments, Treg cells were injected
not from the beginning of PBMC engraftment but together with the allergen
boost. On day 21, sera were collected and stored at —20°C until determination
of human allergen-specific and total IgE level as well as human allergen-
specific IgG and IgG, level by ImmunoCAP specific/total IgE and Immuno-
CAP specific 1gG/IgG, blood test (Thermo Fisher Scientific, Phadia
GmbH). Then, mice were anesthetized and examined with a high-resolution
video endoscopic “Coloview system” (Karl Storz, Tuttlingen, Germany)
before and 2 hours after challenge with 20 wg allergen extract in 100 nL
0.9% NaCl rectally as described.'®'” Briefly, a 1.9-mm outer diameter
mini-endoscope was introduced via the anus and the colon was carefully in-
flated with an air pump. Endoscopic pictures obtained are of high quality
and allow the monitoring and grading of inflammation of the colon up to a
depth of 6 cm. Thereafter, endoscopic scoring of 5 parameters (translucent
structure, granularity, fibrin, vascularity, and stool) from O to 3, resulting in
the overall score from O (no change) to 15 (severe symptoms), was performed.

Histological analysis of colon sections
Colon was removed and put into formalin for paraffin sections. Staining
was performed with hematoxylin and eosin (Sigma-Aldrich, Taufkirchen,
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Germany), or mouse anti-human CD45 (2B11 and PD7/26; DakoCytomation,
Glostrup, Denmark), or mouse anti-human FoxP3 (236A/E7; Abcam, Cam-
bridge, Mass) and visualized with the Dako REAL EnVision Detection
System, Peroxidase/DAB +, Rabbit/Mouse (DakoCytomation) according to
the instructions of the manufacturer. Slides were analyzed with an Olympus
BX40 microscope (Olympus, Hamburg, Germany) using the color view soft
imaging system camera and software.

T-cell preparation and antigen restimulation in vitro

Two hours after rectal challenge and the subsequent endoscopy, mice were
killed by means of cervical dislocation. Spleens were removed and dispersed
through a 70-pm nylon cell strainer (BD Biosciences, San Jose, Calif). After
lysis of erythrocytes, cells were washed twice with PBS and pooled for
isolation of human CD4 " T cells as described above. For proliferation or sup-
pression assays, 1 X 10° CD4* or CD4"CD25™ T cells were cocultured in
96-well plates (Greiner) in triplicates with 1 X 10* autologous unpulsed,
allergen-pulsed, or tetanus toxoid—pulsed DCs in 200 nL IMDM supple-
mented with 5% heat-inactivated autologous plasma. For suppression assays,
5 X 10* CD4TCD25" Treg cells were further added to the culture. After
5 days, the cells were pulsed with 37 kBg/well of [*H]-thymidine (ICN, Irvine,
Calif) for 6 hours, and [°H] -thymidine incorporation was evaluated in a beta
counter (1205 Betaplate; LKB Wallac, Turku, Finland). For cytokine produc-
tion assays, 5 X 10° CD4™ T cells were cocultured in 48-well plates in the
presence of 5 X 10* autologous unpulsed, allergen-pulsed, or tetanus
toxoid—pulsed DCs in 1 mL IMDM supplemented with 5% heat-inactivated
autologous plasma. On day 7, T cells were restimulated with 5 X 10* newly
generated DCs and supernatants were collected 24 hours later.

Flow cytometric analysis

Surface phenotyping was performed by staining 5 X 10° CD4" human T
cells, 5 X 10° splenocytes, or 5 X 10* human DCs with specific mAbs for
20 minutes at 4°C, washed, and analyzed by a FACSCalibur (BD Biosciences)
equipped with CELLQuest Software. The following mAbs were used: fluores-
cein isothiocyanate—conjugated anti-human HLA-DR (L.243), and anti-human
CD3 (UCHT1); phycoerythrin-conjugated anti-human CD80 (L307.4), anti-
human CD83 (HB15e), anti-human CD86 (2331(FUN-1)), anti-human CD4
(RPA-T4), and anti-human CD45 (HI30), allophycocyanin-conjugated anti-
human CD19 (HIB19), and mouse and rat IgG isotype controls (all BD Bio-
sciences); Alexa Fluor 647-conjugated anti-human CD4 (MT310; Santa
Cruz Biotechnology, Inc, Santa Cruz, Calif); allophycocyanin-conjugated
anti-human CD8 (MEM-31; EuroBioSciences, Friesoythe, Germany);
phycoerythrin-conjugated anti-human CD25 (4 E3, Miltenyi Biotec); fluores-
cein isothiocyanate—conjugated anti-human FoxP3 (PCH101; eBioscience,
San Diego, Calif) and allophycocyanin-conjugated anti-human GARP
(7B11; BioLegend).

Quantification of cytokine production by ELISA
Human IgG, IgGy, IL-4, IL-10, IL-13, and IFN-y were measured by ELISA
according to the instructions of the manufacturer (BD Biosciences).

Statistics

ANOVA was used for analysis of variance between different experimental
groups. Student 2-tailed 7 test and the Mann-Whitney U test were used to test
the statistical significance of the results; P <.05 was considered significant.

RESULTS
Inhibition of human allergen-specific IgE production
in PBMC-engrafted immunodeficient mice by
coinjection of autologous Treg cells

Previously, we have developed a humanized mouse model of
allergy and IgE-dependent allergen-induced gut inflammation in
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immunodeficient NOD-scid-yc '~ mice by injection of PBMCs
from highly sensitized allergic donors (allergen-specific IgE of
at least >50 kU/L) together with the respective allergen or not.
In this model, we could demonstrate that human allergen-
specific IgE in murine sera was detectable only in PBMC plus
allergen—treated mice while human total IgE was also present in
PBMC-engrafted mice that were not treated with the respective
allergen (Weigmann et al'® and Fig 1).

To analyze whether enhancement of Treg-cell frequency in
these mice would inhibit allergen-specific IgE production and
subsequent gut inflammation, we coinjected freshly isolated or
in vitro—activated autologous CD4"CD25"FoxP3™ Treg cells
together with PBMCs. Because the regulatory activity of Treg
cells from allergic subjects is impaired in some donors,”*** iso-
lated Treg cells were primarily characterized by their capacity
to suppress the proliferation of autologous CD4"CD25 ~ effector
T cells stimulated with allergen-pulsed autologous DCs in vitro,
and only those donors that had functionally active Treg cells
were included into the study. The presence of a higher number
of such functionally active Treg cells at a ratio of 1:10 signifi-
cantly inhibited total as well as allergen-specific human IgE pro-
duction. Activation of Treg cells with anti-CD3/CD28 mAb
before injection further increased this inhibition (Fig 1). Besides
IgE, the production of allergen-specific human IgG and IgG, was
similarly reduced by coinjection of Treg cells while the total IgG
and IgG, production was not affected (Fig 1).

Treg cells inhibit allergen-specific gut inflammation
in human PBMC-engrafted NOD-scid-yc™/~ mice

Next, we investigated the influence of Treg cells on allergen-
induced gut inflammation, which can be initiated by rectal
allergen challenge 3 weeks after the engraftment of PBMCs
from allergic donors and measured by video mini-endoscopy
evaluating translucent structure, granularity, fibrin formation,
vascularity, and stool on the basis of a score ranging from O to 3,
reaching a maximal score of 15. As already known from our
previous study, no inflammation was observed in the colon before
challenge.'® Two hours after rectal allergen challenge, all mice
that had received PBMCs from allergic donors together with the
respective allergen showed a significantly enhanced endoscopic
score than did mice that had received no PBMCs or PBMCs
without allergen (Fig 2, A and B). Injection of freshly isolated
autologous Treg cells at a ratio of 1:10 together with PBMCs
and the allergen significantly inhibited the inflammation of the co-
lon. The inhibition was further enhanced by in vitro activation of
Treg cells with anti-CD3/CD28 mAb especially at a lower Treg-
cell ratio of 1:20 where nonactivated Treg cells did not signifi-
cantly inhibit the inflammation (Fig 2, A-C).

Histology of the colon tissue showed early inflammatory
changes such as mucosal hypertrophy and infiltration of the
mucosa with mononuclear cells in PBMC plus allergen—treated
mice, which was abolished by coinjection of Treg cells (Fig 2, A).
Further immunohistologic staining revealed that infiltration of the
colon with human CD45% cells, mainly consisting of
CD3"CD4" or CD3*7CD8™ T cells, was also strongly inhibited
by activated Treg cells, while the number of FoxP3™ cells was
enhanced (Fig 2, D). Similarly, a reduced number of human
CD45%,CD3™,CD4™, and CD8™ cells together with a significant
increase in CD4 "FoxP3 " cells in the presence of a higher number
of Treg cells was observed in the spleen (Fig 2, E).
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coinjection of autologous Treg cells. 1 X 107 PBMCs were injected intraperitoneally with or without the
respective allergen in the presence or absence of (0.5-1) X 10° autologous CD4"CD25" Treg cells. Three
weeks later, total and allergen-specific human IgE and IgG,4 level was measured in murine sera by Immuno-
CAP test or ELISA. Shown are the single values + mean of 14 (10 for IgG,) experiments. A, Allergen; aTreg,

activated Treg.

Coinjection of Treg cells inhibit allergen-specific
proliferation and cytokine production by human
CD4* T cells recovered from the spleens of PBMC-
engrafted mice

After the measurement of allergen-induced gut inflammation,
human CD4 " T cells were isolated from murine spleens and re-
stimulated in vitro with autologous DCs that were pulsed with
the same allergen being present in the mice or with tetanus toxoid
as control antigen. Freshly isolated CD4 ™ T cells from the same
donor were used as control. Fig 3 shows allergen-specific prolif-
eration and cytokine production (IL-4, IL-10, IL-13, and IFN-v)
of freshly isolated CD4™ T cells and of those that had been iso-
lated from PBMC plus allergen—treated mice whereas CD4" T
cells from mice that had received no allergen remained unrespon-
sive to allergen-pulsed DCs. Allergen-specific proliferation as
well as production of IL-4, IL-13, and IFN-vy was inhibited by co-
injection of autologous Treg cells at a ratio of 1:10 together with
PBMCs plus allergen reaching significance using in vitro anti-
CD3/CD28-activated Treg cells, while the production of IL-10
was not significantly altered. Stimulation with tetanus toxoid—
pulsed DCs led to proliferation and cytokine production only in
freshly isolated CD4" T cells, implying that in the absence of

stimulation tetanus toxoid—specific cells do not survive in the
mice or become anergic.

Inhibition of gut inflammation by activated Treg
cells also occurs in a therapeutic setting and is
abolished by the blockade of GARP

To analyze whether the administration of Treg cells at a later
time point mimicking a therapeutic approach would still lead
to an inhibition of allergen-specific gut inflammation, coin-
jection of in vitro—activated autologous Treg cells at a ratio of
1:20 was performed either on day O or during allergen boost
8 days after PBMC engraftment. In these sets of experiments,
we further analyzed the effect of blockade of GARP, a protein
that has recently been reported to be upregulated on activated
Treg cells and to play an important role in their regulatory
function.”**> As we observed in preliminary kinetic experi-
ments that the highest upregulation of GARP occurred 48 hours
after the stimulation of CD4™ T cells with autologous allergen-
pulsed DCs compared with anti-CD3/CD28 treatment (Fig 4,
A), allergen-pulsed DC-activated Treg cells were used in these
experiments. Of note, the suppression of allergen-induced gut
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FIG 2. Allergen-specific gut inflammation in human PBMC-engrafted NOD-scid-yc™
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coinjection of autologous Treg cells. Three weeks after PBMC + Treg-cell engraftment, mice were examined
with a video mini-endoscope before and after rectal allergen challenge. Shown are the endoscopic pictures
and the histology (magnification X 100) of a representative result (A) and the single values + mean of the
endoscopic score out of 14 (B) or 5 (C) experiments with generally 2 mice per group. D, Staining of the colon
with anti-human CD45 (magnification X40) or anti-human FoxP3 (magnification X400) after rectal chal-
lenge. E, Staining of the spleen with the indicated markers, mean = SEM of 13 experiments. A, Allergen;
aTreg, activated Treg; H&E, hematoxylin and eosin. *P < .05 compared with PBMC + allergen.
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FIG 3. Coinjection of autologous Treg cells inhibits allergen-specific proliferation and cytokine production
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pulsed DC (DC TT) to analyze their proliferation and cytokine production. Shown is the mean + SEM of 8
experiments. A, Allergen; aTreg, activated Treg. *P < .05 compared with PBMC + Allergen.

inflammation by allergen-pulsed DC-activated Treg cells was
comparable to that of anti-CD3/CD28-activated Treg cells
(Fig 4, B). Furthermore, depletion of GARP-expressing cells
among allergen-pulsed DC-activated Treg cells using the
anti-human GARP mAb 7B11 (Fig 4, C) significantly inhibited
their suppressive activity in vitro, while depletion of GARP-
expressing cells among anti-CD3/CD28-activated Treg cells
could not completely restore T-effector cell proliferation
(Fig 4, D).

In vivo depletion of GARP-expressing cells among DC-
activated Treg cells before their injection also abolished their
suppressive function on human total and allergen-specific IgE
production in murine sera (Fig 5, A) as well as on subsequent
allergen-induced gut inflammation (Fig 5, B and C). Importantly,
in the therapeutic setting, allergen-induced inflammation of the
intestine was also significantly inhibited by injection of DC-
activated Treg cells, but somewhat less pronounced compared
with the presence of Treg cells at the beginning of the experi-
ment (Fig 5, B and C). The inhibition of gut inflammation was
completely abrogated when the expression of human GARP
was also blocked in the PBMC-engrafted mice by intraperitoneal
injection of 7B11 (Fig 5, D). Again, hematoxylin and eosin
staining of the colon tissues showed more early inflammatory
changes and mononuclear cell infiltration in PBMC plus

allergen—treated mice receiving no Treg cells or GARP-
depleted Treg cells (Fig 5, B).

Prevention of allergen-specific gut inflammation by
administration of recombinant human GARP during
PBMC engraftment

Because GARP was shown to have an anti-inflammatory effect
on human CD4™ T cells in vitro and in vivo by enhancing Treg-
cell activity,% we investigated whether the administration of
GARP might be protective in our humanized mouse model of al-
lergy, too. In Fig 6, A to C, it is demonstrated that coinjection of
recombinant human GARP together with PBMC engraftment
reduced the number of migrated CD45" human cells in mice.
Furthermore, an increased amount of FoxP3™" cells could be
observed especially regarding the overall amount of human
CD45™ cells, leading to an almost as strong prevention of human
IgE production and allergen-induced gut inflammation as shown
for activated Treg cells.

DISCUSSION
In the present study, we have analyzed the modulation of our
recently developed human PBMC-engrafted murine model of
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allergen-induced IgE-dependent inflammation of the intestine in
immunodeficient NOD-scid-yc '~ mice by enhancing the fre-
quency of autologous Treg cells. We could demonstrate that co-
injection of autologous Treg cells at a ratio of at least 1:10
together with PBMCs from the beginning of the experiment as
well as during allergen boost on day 8 significantly inhibited
the production of human total and allergen-specific IgE among
other immunoglobulins and the subsequent allergen-driven
IgE-dependent gut inflammation. Furthermore, proliferation
and cytokine production of human CD4" T cells recovered
from the spleens of PBMC-engrafted mice after restimulation
with allergen-pulsed autologous DC was inhibited by the pres-
ence of higher Treg-cell numbers in the mice. Injection of Treg
cells at ratios lower than 1:10 did not lead to a significant reduc-
tion in gut inflammation. However, when Treg cells were preac-
tivated in vitro, either with anti-CD3/CD28 mAb or with
allergen-pulsed autologous DCs, all inhibitory effects were
enhanced, reaching significance even at a ratio of 1:20. Impor-
tantly, depletion of GARP-expressing cells, a recently defined
marker on activated Treg cells,”** completely abrogated the in-
hibition of human allergen-specific IgE and subsequent IgE-

mediated intestinal inflammation. Conversely, administration
of recombinant human GARP during PBMC engraftment
increased the amount of Treg cells, and consequently prevented
gut inflammation.

Our findings are in accordance with several studies analyzing
the important role of Treg cells and IL-10—producing type 1 Treg
cells for suppression of Ty2-mediated inflammation and the
maintenance of immune tolerance to allergens either in animal
models of allergy or in in vitro settings of allergen-specific human
immune cells.”?*?"" Besides the inhibition of Ty2 effector
cells, Treg cells or Treg-cell-derived cytokines contribute to a
reduced mediator release by mast cells and basophils.' "
Furthermore, it has been shown for a long time that both popula-
tions are able to prevent colitis induced in immunodeficient mice
by transfer of pathogenic CD4"CD45RB(high) splenic T
cells.”*° More recently, the suppressive capacity of antigen-
specific and polyclonal Treg cells in a mouse model of autoim-
mune gastritis has also been reported.’’-** In the study presented
here, we demonstrate for the first time the inhibition of allergen-
induced colitis by coinjection of autologous Treg cells or the
Treg-cell-inducing protein GARP in a humanized mouse model
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endoscopic pictures and hematoxylin and eosin staining (magnification X100) of a representative result
(B), and the single values + mean (C and D) of the endoscopic score out of 7 (4 for D) experiments. A,

Allergen; aTreg, activated Treg.

of allergy. Humanized mouse models more closely recapitulate
human biological systems and have been developed to circumvent
the limitations of species-specific differences in the immune sys-
tem between mice and men at least partially and therefore may
allow a more predictable translation of the results into human
clinical trials."”

Like in our previous in vitro studies, the inhibitory ca-
pacity of Treg cells was not antigen-specific because we
observed no difference between anti-CD3/CD28-activated
Treg cells or autologous allergen-pulsed DC-activated Treg
cells (Fig 4, B) or Treg cells activated with DCs pulsed with

20,27

another allergen as used for injection into the mice (data not
shown). Depletion of GARP-expressing cells, however,
completely abrogated the inhibition, regardless of the Treg-
cell activation condition.

In our humanized mouse model, allergen-specific pulmonary
inflammation after intranasal allergen challenge could also be
prevented by CD4-mediated activation of Treg cells via the HIV-1
surface protein gp120 published by us earlier.'” Activation of
Treg cells by gp120 has formerly been shown in a xenogeneic
graft-versus-host disease model in humanized mice, where a sin-
gle dose of gp120 completely inhibited a lethal graft-versus-host
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disease.” Accordingly, Hahn et al’® have shown that repetitive
administration of soluble GARP also prevented the onset of
graft-versus-host disease in this model by enhancing Treg-cell
and inhibiting T-effector cell activity, suggesting a critical role
of GARP in the modulation of peripheral tolerance. This assump-
tion could be confirmed by us as coinjection of recombinant
GARP during PBMC engraftment protected from allergen-
specific gut inflammation via Treg-cell induction, too. Moreover,
depletion of GARP-positive cells on activated Treg cells
completely restored the allergen-induced IgE-mediated inflam-
mation of the intestine. To this end, we have previously demon-
strated that inhibition of allergic airway reactivity by the
chemokine CCL18 is associated with a strengthened migration
of human GARP™ Treg cells into the lung."”

The finding that the blockade of GARP diminished the
suppressive capacity of Treg cells might also be exploited in
cancer therapy where Treg cells are responsible for ineffective
antitumor immune responses.’’ Indeed, higher frequencies of
GARP-expressing Treg cells have recently been found in patients
with hepatocellular carcinoma being associated with impaired T-
cell functionality.’

Taken together, our results indicate that Treg cells not only
inhibit Ty2-driven inflammatory processes in vitro or in murine
models of allergy in vivo (analyzing mainly airway hyperreactiv-
ity) but also suppress allergen-induced inflammation of the intes-
tine in our recently developed humanized mouse model of allergy.
Furthermore, it has become evident that the inhibitory function of
Treg cells is dependent on their activation status characterized by
the expression of GARP. Thus, activation of Treg cells by GARP,
on the one hand, or blockade of GARP-expressing Treg cells, on
the other hand, may represent promising tools in the treatment of
allergy and autoimmunity or cancer.

‘We thank Mrs Claudia Braun and Mrs Ulrike Hilbig for excellent technical
assistance.

Clinical implications: Allergen-induced IgE-mediated inflam-
mation of the intestine is inhibited by activated GARP-

expressing Treg cells, indicating that soluble GARP may be
exploited for the treatment of allergy, while blocking of
GARP may be useful for cancer immunotherapy.
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