The Journal of Immunology

Coexpression of TGF-£1 and IL-10 Enables Regulatory T
Cells to Completely Suppress Airway Hyperreactivity'

Katrin Presser,* Dorothee Schwinge,* Michael Wegmann,* Samuel Huber,* Steffen Schmitt,’
Alexander Quaas,” Joachim H. Maxeiner," Susetta Finotto," Ansgar W. Lohse,*

Manfred Blessing,“ and Christoph Schramm?*

In allergic airway disease, Treg may play an important role in the modulation of airway hyperreactivity (AHR) and inflammation.
We therefore investigated the therapeutic potential of Treg in an Ag-dependent murine asthma model. We here describe that AHR
can be completely suppressed by adoptive transfer of Treg overexpressing active TGF-B1. Using mice with impaired TGF-f3
signaling in T cells, we could demonstrate that TGF-f signaling in recipient effector T cells or transferred Treg themselves is not
required for the protective effects on AHR. However, the expression of IL-10 by Treg was found to be essential for the suppression
of AHR, since Treg overexpressing active TGF-f1 but deficient in IL-10 lacked protective effects. Airway inflammation could not
be significantly suppressed by wild-type or transgenic Treg. In conclusion, modulation of cytokine expression by Treg may have
therapeutic potential for the treatment of AHR in asthma. The mechanisms of the effects of Treg on airway inflammation require

further clarification.

he CD47CD25™ T cells (Treg)® are required to maintain

immune homeostasis (1-3). In allergic airway disease,

Treg may play an important role in the modulation of
airway hyperreactivity (AHR) and inflammation (4-7). However,
conflicting results have been reported on the ability of Treg to
modulate AHR and/or inflammation. In particular, the relative con-
tribution of TGF-B1 and IL-10 in Treg control of AHR is insuf-
ficiently understood. Transfer of Ag-dependent Treg derived from
lung down-regulated eosinophilic airway inflammation, but had no
effect on AHR (4). However, it was also shown that transfer of
Ag-dependent Treg was able to provide IL-10-dependent protec-
tion from AHR in the mouse (6).

The immunosuppressive cytokines TGF-1 and IL-10 are in-
volved in the regulation of airway reactivity. In asthma patients,
high levels of TGF-@ have been found in bronchoalveolar lavage
fluid (BALF) (8, 9). In mouse models, impairment of TGF-f3 sig-
naling in T cells has led to an exacerbation of the asthmatic phe-
notype (10, 11). In addition, retroviral transduction of unselected
CD4™ T cells with latent TGF-B1 was shown to improve AHR and
airway inflammation upon adoptive transfer (12). Data on the sus-
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ceptibility of IL-10"/~ mice toward the induction of asthma are
more controversial; both improvement and deterioration of allergic
airway disease have been reported (5, 13, 14).

Since Treg have been shown to require IL-10 as well as TGF-f3
for full immunosuppressive function in vivo (15-18), we aimed to
dissect the specific contributions of TGF-B1 and IL-10 to the im-
munomodulatory capacity of Treg in a murine asthma model.

Asthma is characterized by AHR, airway inflammation, and in-
creased mucus secretion (19). Th2 cytokines such as IL-4, IL-5,
IL-10, and IL-13 seem to play a role in the pathogenesis of asthma
(20, 21), but the mechanisms of AHR and pulmonary inflammation
are incompletely understood and data on the role of specific cyto-
kines are conflicting: IL-5-transgenic mice show marked tissue
eosinophilia but do not demonstrate increased AHR (22). IL-13
appears to promote AHR and has been reported to variably affect
pulmonary inflammation (23, 24). Therefore, AHR and airway in-
flammation seem to be differentially regulated in the pathogenesis
of asthma.

We here report that Treg overexpressing active TGF-£1 are able
to confer complete resistance toward the induction of Ag-depen-
dent AHR. This does not seem to depend on the direct suppression
of effector T cells or the direct modulation of Treg via TGF-£
signaling. However, expression of IL-10 by Treg was required for
the suppression of AHR. Modulation of cytokine expression by
Treg may therefore have therapeutic potential for the treatment of
AHR in asthma.

Materials and Methods

Animals

Generation and characterization of the transgenic mouse lines hCD2-
TGF-B1 and hCD2-dkTBRII have been previously described (25, 26).
Transgenic lines were established and maintained as heterozygotes on a
FVB/N or C57/B6 background. FVB/N or C57/B6 nontransgenic litter-
mates were used as controls. All animals used in the experiments were age
and sex matched and used between 6 and 8 wk of age. Animal care was in
accordance with the governmental and institutional guidelines and all ex-
periments were approved by the local review board.
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Sensitization and measurement of airway reactivity

Sensitization of mice as well as the measurement of airway reactivity in a
head-out body plethysmograph were performed as previously described
(11). The methacholine (MCh) dose resulting in a 50% decrease of the tidal
mid-expiratory flow (EFs,), a marker for airway resistance, was measured.
In brief, animals were immunized with 100 ug of OVA-alum or PBS-alum
on days 0 and 14 i. p. On days 25-27, mice were aerosol challenged with
1% OVA in PBS for 20 min. AHR was measured on day 28 in untreated
(PBS-alum) and sensitized (OVA-alum) wild-type (WT), hCD2-TGF-B1-
transgenic, hCD2-TGF-B1 X hCD2-dkTBRII double-transgenic (dTG),
and IL-10~/~ mice as well as in sensitized WT mice or hCD2-dkTBRII-
transgenic mice that had adoptively received 3.5 X 10° CD4"CD25" or
CD47CD25™ T cells from either WT, hCD2-TGF-B1, hCD2-TGF-B1 X
hCD2-dkTBRII, or hCD2-TGF-1 X IL-10"/" animals. Adoptive transfer
was performed at least 3 h before the first aerosol challenge. To suppress
IL-10 production of adoptively transferred hCD2-TGF-B1 CD4*CD25*
cells in IL-10 ~/~ mice, 62.5 ug of a monoclonal, neutralizing anti IL-10
Ab clone JES052A5 or rat IgG1 isotype control clone 43414 (both R&D
Systems) were injected i.p. on days 25 and 27 (Fig. 1).

To confirm the validity of data generated by head-out plethysmography,
invasive body plethysmography was performed in WT and hCD2-TGF-
Bl-transgenic mice (27). Invasive plethysmography was then used for
some experiments with units for lung resistance (RI) given as indicated. In
brief, dose response was assessed in anesthetized mice by i.v. administra-
tion of increasing amounts of MCh (33-1000 wg/kg) (27).

Cell isolation

For the isolation of CD4"CD25" cells, MACS beads (Miltenyi Biotec)
were used to positively select CD25™" cells. These cells were then sorted for
CD4 with a FACSVantage cell sorter (BD Biosciences). The flow-through
of the CD25" selection was used to positively select CD4"CD25 cells
with MACS beads. The purity of cell isolation with regard to CD25 ex-
pression ranged between 96 and 99% and >90% of CD25™" cells expressed
Foxp3 as assessed by flow cytometry (Fig. 2). Donor mice used for cell
isolation were immunized with OVA-alum i.p. on days 0 and 14. Unless
indicated otherwise, 3.5 X 10’ cells were transferred in all experiments.

Flow cytometry

Flow cytometric analysis was performed using a FACSCanto (BD Bio-
sciences) along with FACSDiva software. At least 1 X 10° cells were
analyzed. The following Abs were used: CD4-PE, CD25-FITC (BD Bio-
sciences), Foxp3-allophycocyanin (eBioscience, Frankfurt, Germany).

Collection of BALF and lung preparation

After AHR measurement, BALF was collected as previously described
(11). Cells were counted with a CASY (Schaerfe System). One hundred
microliters of the cell suspension was used for cytospin preparations that
were stained with a Diff-Quick staining kit (Medion Diagnostics).

Cytokine detection

IL-13 concentrations in BALF were measured using the Mouse Quantikine
ELISA kit (R&D Systems) according to the manufacturer’s instructions.
For the detection of active TGF-B1 in BALF, the TGF- mouse Duo Set
kit by R&D Systems was used. Levels in BALF were measured after acid
activation with H,SO,.

Th1/Th2 cytokines in BALF were analyzed using the FlowCytomix
Multiplex mouse Th1/Th2 kit from Bender MedSystems according to the
manufacturer’s instructions.

Histological assessment of inflammation

The lungs were inflated and fixed in formalin and embedded in paraffin.
Five-micrometer sections were stained with H&E. For the determination of
the degree of histological inflammation, H&E-stained lung sections were
scanned with a digital camera (Olympus) and the areas of inflammation
were measured using analy-SIS 3.0 software (Software Imaging Systems).
The percentage of inflamed area in relation to the lung area scanned is
given. Three representative areas per lung were chosen for measurement.

Statistical analysis

For comparison of groups, the Mann-Whitney U test was used. Mean and
SEM are given and a p < 0.05 was considered significant.
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FIGURE 1. Schematic immunization protocol. Animals were immu-
nized with OVA-alum or PBS-alum on days O and 14. On days 25-27,
mice were aerosol challenged with 1% OVA in PBS for 20 min. In some
experiments, 62.5 ug of neutralizing anti-IL-10 Ab or isotype control was
given on days 25 and 27 three hours before aerosol challenge. On day 28,
plethysmography was performed. The MCh dose that results in a 50%
decrease of the tidal mid-EFs, is given, unless otherwise indicated.

Results
Treg, but not CD4"CD25~ T cells overexpressing active
TGF-BI are potent suppressors of Ag-specific AHR

The first aim of our study was to assess Treg as potential modu-
lators of AHR, a hallmark of asthma. We therefore determined
whether transfer of naturally occurring Treg could prevent the de-
velopment of AHR. Treg (3.5 X 10°) isolated from OVA-immu-
nized WT mice were injected i.p. into OVA-immunized WT re-
cipient mice 3 h before the first OV A aerosol challenge (Fig. 1). To
confirm the phenotype of transferred cells, flow cytometric anal-
ysis of isolated cells was performed and CD25" T cells were
shown to express Foxp3 in over 90% (Fig. 2). Immunized WT
mice showed a strong Ag-dependent AHR upon OVA aerosol
challenge (MChs,, WT-OVA: 26.3 = 2.1 mg/ml vs WT-PBS:
54.23 * 4.3 mg/ml, p = 0.0006; Fig. 3A). Transfer of 3.5 X 10°
WT Treg did not protect from Ag-dependent AHR upon adoptive
transfer (MChs,, WT-OVA: 26.3 = 2.1 mg/ml vs WT-OVA plus
WT Treg: 16.99 = 1.4 mg/ml, p = 0.006; Fig. 3A). Transfer
of WT CD4"CD25~ T cells did not alter airway reactivity
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FIGURE 2. Flow cytometric analysis of WT and hCD2-TGF-B1 Treg.
Cells were isolated from spleen of OVA-immunized mice and stained with
anti CD4-PE, anti CD25-FITC, and anti Foxp3-allophycocyanin AB. Cells
(1 X 10° were analyzed showing that >90% of WT and transgenic
CD4"CD25" T cells were positive for Foxp3.
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FIGURE 3. Adoptive transfer of
Treg overexpressing active TGF-£1
leads to protection from AHR. The
schematic representation of the exper-
imental setting is given in Fig. 1.
Adoptive transfer of cells was per-
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(MChsy, WT-OVA: 263 = 2.1 mg/ml vs WT-OVA+WT
CD47CD257: 26.95 = 5.2 mg/ml, nonsignificant (n.s.); Fig. 3A).
By increasing the number of transferred WT-Treg to 5 X 10° and
1 X 10° cells, we could observe a nonsignificant decrease in AHR
(data not shown). We can therefore not exclude that higher doses
of WT-Treg may provide protection from Ag-induced AHR.

We next investigated whether the expression of regulatory cy-
tokines such as TGF-B1 may enhance the suppressive effects of
Treg on AHR. TGF-£1 has been previously shown to modulate
airway reactivity and inflammation (11, 12, 28). Therefore, we
were interested whether overexpression of TGF-B1 may increase
the therapeutic potential of Treg in asthma. Treg were isolated
from transgenic mice with T cells overexpressing a mutated and
thus constitutively active form of TGF-B1 which had been previ-
ously generated in our laboratory (hCD2-TGF-£1; Ref. 26). These
mice were resistant to the induction of Ag-dependent AHR
(MChs, WT-OVA: 25.34 = 8.35 mg/ml vs hCD2-TGF-B1-OVA:
64.24 = 8.65 mg/ml, p = 0.003; Fig. 3B). Upon adoptive transfer,
3.5 X 10° hCD2-TGF-B1 Treg were able to completely protect
from AHR (MChs, WT-OVA: 263 = 2.1 mg/ml vs WT-
OVA+hCD2-TGF-B1 Treg: 67.9 = 6.2 mg/ml, p = 0.001; Fig.
3C). Mice receiving hCD2-TGF-B1 Treg even tended to be less
susceptible to develop airway constriction to stimulation with
MCh than sham-immunized mice (MChs, WT-PBS: 54.23 * 4.3
mg/ml vs WT-OVA plus hCD2-TGF-$1 Treg: 67.9 = 6.2 mg/ml,
n. s.; Fig. 30).

In contrast, hCD2-TGF-B1 CD47"CD25~ T cells were not able
to transfer any protection from AHR, suggesting that TGF-f1 acts
in the context of Treg and does not protect from AHR on its own
(MChs, WT-OVA: 26.3 = 2.1 mg/ml vs WT-OVA plus hCD2-
TGF-B1 CD4"CD257: 25.9 + 5,5 mg/ml, n. s.; Fig. 3C). Accord-
ingly, we could demonstrate that levels of TGF-B1 in BALF did
not correlate with protection from AHR: the levels of TGF-£1 in
BALF of WT mice that were protected from AHR by receiving
hCD2-TGF-B1 Treg were not significantly different than the levels

of mice not protected from AHR and having received hCD2-
TGF-B1 CD4"CD25~ T cells (WT-OVA plus hCD2-TGF-B1
Treg: 1254.6 = 191.5 pg/ml vs WT-OVA plus hCD2-TGF-g1
CD4"CD257: 791.1 * 99.3 pg/ml, n. s.; Fig. 3D). Transfer of
Tregs isolated from hCD2-TGF-B1-transgenic mice resulted in
markedly increased TGF-B1 BALF levels compared with mice
transferred with Treg from WT mice which showed levels similar
to untransferred WT animals (WT-OVA plus hCD2-TGF-B1 Treg:
1254.6 = 191.5 pg/ml vs WT-OVA plus WT Treg: 56.91 = 9.82
pg/ml, p = 0.0007; Fig. 3D). Therefore, the context of TGF-£1
production rather than the amount of cytokine seems to determine
protection from AHR.

TGF-B signaling in recipient T cells and in transferred Treg
themselves is not required for the protection from AHR

To analyze the mechanisms involved in TGF-B1-mediated sup-
pression of AHR, hCD2-TGF-B1 mice were crossed with trans-
genic mice with an impaired TGF-f signaling in T cells due to
overexpression of a dominant negative TGF-$ type II receptor
(hCD2-dkTBRII (25)).

In contrast to single-transgenic hCD2-TGF-£1 mice, OVA-im-
munized double-transgenic animals (dTG-OVA) were not pro-
tected from AHR and demonstrated airway responses similar to
those of WT mice (MChs,, WT-OVA: 25.34 * 8.35 mg/ml vs
dTG-OVA: 29.6 = 10.9 mg/ml, n.s.; Fig. 4A4). We have previously
demonstrated that hCD2-dkTBRII-OVA have similar MChs, as
WT-OVA animals (11). To dissect the effects of TGF-B1 on re-
cipient T cells or transferred Treg from other mechanisms in-
volved, Treg from dTG mice were isolated overexpressing active
TGF-B1 and with an impaired TGF-f signaling pathway. These
dTG Treg were then adoptively transferred into WT mice. In con-
trast to dTG mice, WT mice receiving dTG Treg were completely
protected from AHR, indicating that TGF-B signaling in trans-
ferred Treg themselves is not required for protection from AHR
(MChs,, WT-OVA: 26.3 £ 2.1 mg/ml vs WT-OVA plus dTG
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FIGURE 4. TGF-g signaling in recipient T cells or transferred Treg is
not required for the protection from AHR. Adoptive transfer of cells was
performed on day 25 at least 3 h before the first aerosol challenge. A, AHR
in WT and dTG hCD2-TGF-B1 X hCD2-AkKTBRII mice and in WT mice
receiving dTG Treg (*, p = 0.001). B, Invasive body plethysmography was
performed in hCD2-AKTBRII mice receiving hCD2-TGF-B1-transgenic
Treg. Values for RI are given (*, p = 0.06). These experiments included
four to eight mice per group.

Treg: 74.6 = 7.4 mg/ml, p = 0.001; Fig. 4A). To assess the re-
quirement of TGF-B signaling in recipient effector T cells,
TGF-B1 overexpressing Treg were transferred into mice with an
impaired TGF-f signaling pathway in T cells. Again, these ani-
mals were protected from AHR, indicating that TGF-f1 produced
by transferred Treg may not directly act on recipient T cells (RI as
measured by invasive body plethysmography at a dose of 30
mg/ml MCh: hCD2-dkTBRII-OVA: 631 = 0.6 vs hCD2-
dkTBRII-OVA plus hCD2-TGF-B1 Treg: 4.34 = 0.5 p = 0.06;
Fig. 4B). TGF-f signaling in T cells therefore seems to be required
for the TGF-B1-induced protection from AHR in transgenic ani-
mals. However, the suppressive capacity of transferred Treg does
not seem to depend on TGF-f signaling in Treg themselves or in
recipient T cells. Since this difference cannot be explained by the
effects of TGF-3 alone, we next examined the role of other sup-
pressive cytokines which may be involved in Treg-induced pro-
tection from AHR.

Expression of IL-10 is necessary for the protective effects of
Treg overexpressing TGF-31

IL-10 as well as TGF-B1 have been involved in the effects of Treg
on asthma (5, 11, 28). We have previously shown that overexpres-

COEXPRESSION OF TGF-B1 AND IL-10 BY Treg IN ASTHMA

sion of TGF-B1 in T cells from hCD2-TGF-f1-transgenic mice
induces the expression of IL-10 within these cells (26). Therefore,
we next aimed to dissect the relative contributions of IL-10 and
TGF-p1 to the observed protection from AHR by transgenic Treg.
To this end, hCD2-TGF-B1 Treg as well as WT Treg were trans-
ferred into IL-10-deficient mice (IL-10~/7). To eliminate IL-10
produced by transferred cells themselves, neutralizing anti-IL-10
Ab was injected in addition.

IL-10"/" mice were significantly less susceptible to AHR than
WT animals (MChs,, WT-OVA: 26.3 = 2.1 mg/ml vs IL-107"~
OVA: 67.85 = 6.75 mg/ml, p = 0.004; Fig. 5A), indicating that
IL-10 is required for the induction of AHR, as was previously
shown (13). Adoptive transfer of hCD2-TGF-B1 Treg into
IL10~/" mice further increased resistance to MCh- induced airway
reactivity up to the level that even the highest concentrations of
MCh used did not induce airway constriction (MChs, IL-107/~
OVA: 67.85 * 6.75 mg/ml vs IL-10~~ OVA plus hCD2-TGF-g1
Treg: 125 = 0 mg/ml, p = 0.01; Fig. 54). IL-10~"" mice that
received transgenic Treg along with neutralizing IL-10 Ab how-
ever showed significantly less protection from MCh-induced air-
way constriction (MChs,, IL-107"~ OVA plus hCD2-TGF-g1
Treg: 125 + 0 mg/ml vs IL-10~’~ OVA plus hCD2-TGF-1 Treg
plus AB: 80.5 = 5.9 mg/ml, p = 0.02; Fig. 5A). WT Treg trans-
ferred with or without anti-IL-10 did not affect AHR in IL-10"""
mice (MChs,, IL-107'~ OVA: 67.85 = 6.75 mg/ml vs IL-10~/~
OVA + WT Treg: 60.1 = 5.3 mg/ml vs IL-10~"~ OVA plus WT
Treg plus AB: 54.73 £ 5.53 mg/ml, n.s.; Fig. 5B).

Since IL-10 ~/~ mice demonstrated weak Ag- dependent AHR,
we used invasive body plethysmography to validate these data. On
invasive body plethysmography, IL-10~'~ mice demonstrated Ag-
dependent AHR, which was less pronounced as compared with
WT mice, but which confirmed the relative resistance of IL-10 ~/~
mice toward MCh-induced airway reactivity (Fig. 5C).

These results suggested a dual role for IL-10 in the modulation of
AHR; on the one hand, IL-10 seems to be required for the develop-
ment of AHR, in contrast IL-10 strongly protects from AHR when
coexpressed with TGF-B1 on Treg. To further investigate this, hCD2-
TGF-f1 mice were crossed onto the IL-10~/~ background to obtain
T cells that overexpress TGF-1 but are deficient in IL-10. Treg from
hCD2-TGF-B1 X IL-10"/" mice were then transferred into WT an-
imals. Indeed, Treg overexpressing TGF-f1 but deficient in IL-10
completely lost their protective effects on AHR (MChs,, WT-OVA:
26.3 = 2.1 mg/ml vs WT-OVA plus IL-10~~ x hCD2-TGF-81
Treg: 28.8 * 6.8 mg/ml, n.s.; Fig. 5D).

Taken together, these data demonstrate that expression of IL-10
is essential for the protective effects mediated by Treg overex-
pressing active TGF-£1.

WT Treg reduce airway eosinophilia but not airway
inflammation

AHR and airway inflammation often coincide. However, increasing
evidence suggests that these two may not be directly related with
regard to pathophysiological mechanisms (13, 22, 23). We therefore
investigated the suppressive effects of Treg on airway inflammation as
well. Adoptive transfer of 3.5 X 10° WT Treg into WT mice which
were not protected from AHR led to a marked decrease in BALF
eosinophil numbers (WT-OVA: 0.27 X 10° = 0.05 X 10° cells vs
WT-OVA plus WT Treg: 0.047 X 10° + 0.017 X 10° cells, p =
0.038; Fig. 6A), but did not significantly affect the total area of inflamed
lung tissue (WT-OVA: 10.1 = 0.57% vs WT-OVA plus WT Treg:
10.11 = 1.14%; Fig. 6B). Transfer of WT CD4*CD25™ T cells did not
alter BALF eosinophil count or airway inflammation (Fig. 6A).
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moved lungs were fixed in formalin and 5-um-thick sections were stained
with H&E. Areas of inflammation are given in relation to the whole lung
area (p = 0.04). Six to eight mice per group were analyzed.

IL-10-/- + TG Tregtanti IL10

Overexpression of active TGF-f1 was not able to enhance the
suppressive effects of WT Treg on airway inflammation (eosino-
phil count: WT-OVA: 0.27 X 10° + 0.05 X 10° cells vs WT-
OVA-+hCD2-TGF-B1 Treg: 0.28 X 10° = 0.04 X 10° cells; Fig.
6A, and area of inflamed lung tissue: WT-OVA: 10.1 = 0.57% vs
WT-OVA plus hCD2-TGF-1 Treg: 15.71 = 2.33%, p = 0.04;
Figs. 6B and 7). In contrast, these cytokines may even enhance
airway inflammation despite the protective effects observed on
AHR. These results suggest separate mechanisms regulating air-
way reactivity and inflammation.

C - ) D —i%
FIGURE 7. Representative histological sections of lung tissue. A,
OVA-immunized WT animals with peribronchial inflammation and goblet
cell hyperplasia. B, Sham-immunized WT mice without airway inflamma-
tion. C, Airway inflammation in WT mice adoptively transferred with
hCD2-TGF-B1 Treg. D, Airway inflammation in WT mice adoptively
transferred with WT Treg. Bars, 100 um.
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Cytokine levels in BALF

IL-13 may play a critical role in the regulation of asthma (29).
However, we found no correlation between protection from AHR
and levels of IL-13 in BALF after adoptive cell transfer (data not
shown). BALF levels of IL-5 were found to correlate with BALF
eosinophilia, corresponding to its role in eosinophil migration
(data not shown). All other cytokines tested, including IL-1, IL-2,
IL-4,IL-6, IL-10, IL-17, TNF-«, IFN-y, and GM-CSF, were either
not detectable in BALF or showed no correlation with the devel-
opment of AHR or inflammation (data not shown).

Discussion

Immunotherapy of allergic diseases aims at specific treatment as-
sociated with minimal side effects. We were therefore interested in
the modulation of airway responses by Treg in a murine asthma
model. We here demonstrate that relatively low numbers of adop-
tively transferred Treg overexpressing active TGF-£1 completely
protected mice from the induction of Ag-dependent AHR. This
effect did not depend on an intact TGF-f signaling pathway within
recipient T cells or transferred Treg but on the expression of IL-10.

Previous studies have suggested that naturally occurring Treg
may have an effect on airway inflammation but not on AHR in
murine models of asthma (4, 30). However, data are conflicting
and, using cell depletion, it has been shown that CD25" T cells
may affect both AHR and airway inflammation (31). Upon adop-
tive transfer of 3.5 X 10° WT Treg, we were not able to demon-
strate a suppressive effect on AHR and the effect could not be
significantly increased by increasing the number of cells trans-
ferred. These discrepant results may relate to different models and
mouse strains used but suggest that naturally occurring Treg may
not be suitable candidates for immunotherapy of asthma using rea-
sonably low numbers of cells.

During the past few years, it has been shown that different sub-
sets of cells with a regulatory phenotype may modulate airway
responses (32, 33). We therefore investigated whether the regula-
tory cytokine TGF-f1 would enhance the suppressive effects of
Treg. Elevated levels of TGF-8 can be found in BALF of asthma
patients, suggesting a pathogenetic role for TGF-f3 in asthma (8, 9)
In addition, overexpression of TGF-B1 in CD4" T cells induced
by retroviral transduction has previously resulted in a marked de-
crease of airway inflammation and AHR (12), as has direct tracheal
administration of TGF-B (20). Impairment of TGF-f3 signaling in
T cells, in contrast, has led to increased allergic airway responses
in transgenic mouse models (10, 11). To gain further insight into
the specific effects of TGF-B on AHR and airway inflammation,
we used the transgenic hCD2-TGF-£1 mouse model with T cells
overexpressing a constitutively active form of TGF-B1 (26).

Transgenic hCD2-TGF-1 mice as well as WT recipient mice
receiving 3.5 X 10° transgenic Treg were completely protected
from the induction of Ag-dependent AHR. Using transfer of trans-
genic Treg as well as CD25™ T cells overexpressing TGF-S1, we
could demonstrate that the context and not the degree of TGF-1
production is essential for its effects on AHR: only mice trans-
ferred with transgenic Treg were protected from AHR and had
high levels of TGF-B1 in BALF, whereas transfer of transgenic
CD4"CD25™ T cells resulted in high levels of TGF-S1 in BALF,
but not in protection from AHR. Membrane-bound TGF-£ has
been implicated in the suppressive function of Treg and may be
differentially expressed in transgenic Treg and CD25™ T cells, but
this has not been further assessed in this study (34).

To gain further insight into the mechanism of protection, hCD2-
TGF-B1 mice were crossed to hCD2-dkTBRII mice, giving ani-
mals with T cells overexpressing active TGF-£1, but unresponsive

COEXPRESSION OF TGF-B1 AND IL-10 BY Treg IN ASTHMA

to the effects of TGF-B1 due to overexpression of a dominant-
negative TGF-f type II receptor. WT mice receiving dTG Treg
were completely protected from AHR, indicating that TGF-g1
does not act on transferred Treg themselves in an autocrine man-
ner. These findings are in accordance with reports that impaired
TGF-B signaling in T cells does not necessarily abrogate their
ability to act as functional Treg (35). To further investigate the
mechanisms involved in AHR protection, TGF-1 overexpressing
Treg were transferred into mice with impaired TGF-f3 signaling in
T cells. These mice were still protected from AHR, either suggest-
ing that cells other than T cells are the target of TGF- or that
other cytokines are the main effectors of AHR protection in this
setting.

Suppression of AHR has been described after endotracheal
transfer of naturally occurring lung Treg which were shown to
produce high levels of TGF-£ and IL-10 (36). Therefore, IL-10
may be another key cytokine involved in airway regulation. We
have previously demonstrated that overexpression of TGF-B1 in
transgenic hCD2-TGF-B1 Treg induced the expression of IL-10
(26). Both cytokines seem to be involved in the regulation of air-
way responses (11, 37) but the understanding of their specific con-
tribution to the modulation of AHR is limited. We therefore used
this model to dissect the specific contributions of TGF-B1 and
IL-10 alone or in combination to the suppressive effects on AHR.

Systemically, IL-10 seems to promote AHR, since IL-10"/"
mice showed significant protection from MCh-induced AHR, as
previously reported (13, 38). However, we could demonstrate that
IL-10 produced by transgenic Treg was the main contributing fac-
tor leading to complete protection from the induction of AHR in
IL-10"/" mice. To further investigate the contribution of IL-10 to
the protection from AHR in WT mice, hCD2-TGF-f1-transgenic
mice deficient in IL-10 were adoptively transferred into WT mice.
These Treg, overexpressing active TGF-B1 but deficient in IL-10,
did not provide protection from AHR. As has been reported in
other in vivo models (6, 36), these results indicate that the expres-
sion of TGF-B1 and IL-10 is necessary for the in vivo suppression
of AHR by Treg. However, basal expression of IL-10 by Treg may
be sufficient to maintain their suppressive capacity, since hCD2-
TGF-B1 X hCD2-AKTBRII dTG Treg were able to confer protec-
tion from AHR, although their IL-10 production has been shown to
be similar to WT cells (26). Therefore, it seems that IL-10 and
TGF-B have synergistic effects in the protection from AHR by
Treg and it will be interesting to see in future experiments whether
IL-10 without TGF-f3 is able to mediate protection from AHR by
transferred Treg. Clearly, further research is needed into the mech-
anisms of AHR protection by IL-10, especially to investigate
whether IL-10 directly acts on effector T cells or via APCs (39, 40)
and whether there are direct effects of TGF-£1 and IL-10 on air-
way smooth muscle cells (ASM). Both cytokines have been shown
to inhibit chemokine expression in ASM (41-43) and, in humans,
adhesion of T lymphocytes to ASM has been found to increase
AHR (44).

TGF-1 is not only known for its anti-inflammatory, but also for
its proinflammatory effects in the early phase of inflammation, as
demonstrated by its chemotactic effects on eosinophils (45-47). It
was therefore not surprising to find increased airway inflammation
in hCD2-TGF-B1-transgenic mice. Also, recent data suggest that
TGF-p1 is required for the differentiation of Th17 cells (48). TGF-
B-secreting T cells may therefore induce a proinflammatory cyto-
kine milieu and thus promote tissue inflammation (49-51). In ad-
dition, TGF-B1 has been implicated in airway remodeling (52).
Therefore, it seems prudent to investigate the mechanism of AHR
protection by Treg and the specific effects on the early and late
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phase of allergic airway disease before further evaluating TGF-B1
expressing Treg as a therapeutic tool in asthma.

In conclusion, these data demonstrate that Ag-dependent AHR,
a hallmark of asthma, can be efficiently suppressed by Treg in
vivo. The suppressive capacity of TGF-B1 overexpressing Treg
seems to depend on the expression of IL-10 by Treg themselves
but not on TGF- signaling in Treg or in effector T cells. In our
model, Treg were not able to suppress airway inflammation. The
elucidation of the mechanisms leading to AHR suppression by
Treg may lead to targeted treatment strategies for the early phase
of allergic airway responses but further insight into the effects of
Treg on airway inflammation is needed.

Acknowledgments

We thank Anja Spiess-Naumann, Melanie Engel, Marina Snetkova, and
Meike Petersen for excellent technical assistance. We are grateful to Dr.
Stuart Fraser for critical reading and helpful comments.

Disclosures
The authors have no financial conflict of interest.

References

1. Asano, M. 1996. Autoimmune disease as a consequence of developmental ab-
normality of a T cell subpopulation. J. Exp. Med. 184: 387-396.

2. Brunkow, M. E., E. W. Jeffery, K. A. Hjerrild, B. C. Paeper, B. Lisa,
S. A. Yasayko, J. Wilkinson, D. Galas, S. F. Ziegler, and F. Ramsdell. 2001.
Disruption of a new forkhead/winged-helix protein, scurfin, results in the fatal
lymphoproliferative disorder of the scurfy mouse. Nat. Genet. 27: 68—73.

3. Powell, B. R., N. R. Buist, and P. Stenzel. 1982. An X-linked syndrome of
diarrhea, polyendocrinopathy, and fatal infection in infancy. J. Pediatr. 100:
731-7317.

4. Hadeiba, H., and R. M. Locksley. 2003. Lung CD25 CD4 regulatory T cells
suppress type 2 immune responses but not bronchial hyperreactivity. J. Immunol.
170: 5502-5510.

5. Jutel, M., M. Akdis, F. Budak, C. Aebischer-Casaulta, M. Wrzyszcz, K. Blaser,
and A. C. Akdis. 2003. IL-10 and TGF- cooperate in the regulatory T cell
response to mucosal allergens in normal immunity and specific immunotherapy.
Eur. J. Immunol. 33: 1205-1214.

6. Kearley, J., J. E. Barker, D. S. Robinson, and C. M. Lloyd. 2005. Resolution of
airway inflammation and hyperreactivity after in vivo transfer of CD4*CD25"
regulatory T cells is interleukin 10 dependent. J. Exp. Med. 202: 1539-1547.

7. Shi, H. Z., and X. J. Qin. 2005. CD4CD25 regulatory T lymphocytes in allergy
and asthma. Allergy 60: 986-995.

8. Kokturk, N., T. Tatlicioglu, L. Memis, N. Akyurek, and G. Akyol. 2003. Ex-
pression of transforming growth factor 81 in bronchial biopsies in asthma and
COPD. J. Asthma 40: 887-893.

9. Minshall, E. M., D. Y. Leung, R. J. Martin, Y. L. Song, L. Cameron, P. Ernst, and
Q. Hamid. 1997. Eosinophil-associated TGF-B81 mRNA expression and airways
fibrosis in bronchial asthma. Am. J. Respir. Cell Mol. Biol. 17: 326-333.

10. Nakao, A., S. Miike, M. Hatano, K. Okumura, T. Tokuhisa, C. Ra, and
I. Iwamoto. 2000. Blockade of transforming growth factor 3/Smad signaling in T
cells by overexpression of Smad7 enhances antigen-induced airway inflammation
and airway reactivity. J. Exp. Med. 192: 151-158.

11. Schramm, C., U. Herz, J. Podlech, M. Protschka, S. Finotto, M. J. Reddehase,
H. Kohler, P. R. Galle, A. W. Lohse, and M. Blessing. 2003. TGF- regulates
airway responses via T cells. J. Immunol. 170: 1313-1319.

12. Hansen, G., J. J. Mclntire, V. P. Yeung, G. Berry, G. J. Thorbecke, L. Chen,
R. H. DeKruyff, and D. T. Umetsu. 2000. CD4™ T helper cells engineered to
produce latent TGF-B1 reverse allergen-induced airway hyperreactivity and in-
flammation. J. Clin. Invest. 105: 61-70.

13. Makela, M. J., A. Kanehiro, L. Borish, A. Dakhama, J. Loader, A. Joetham,
Z. Xing, M. Jordana, G. L. Larsen, and E. W. Gelfand. 2000. IL-10 is necessary
for the expression of airway hyperresponsiveness but not pulmonary inflamma-
tion after allergic sensitization. Proc. Natl. Acad. Sci. USA 97: 6007-6012.

14. Tournoy, K. G., J. C. Kips, and R. A. Pauwels. 2000. Endogenous interleukin-10
suppresses allergen-induced airway inflammation and nonspecific airway respon-
siveness. Clin. Exp. Allergy 30: 775-783.

15. Dao Nguyen, X., and D. S. Robinson. 2004. Fluticasone propionate increases
CD4"CD25™" T regulatory cell suppression of allergen-stimulated CD4"CD25 ™
T cells by an IL-10-dependent mechanism. J. Allergy Clin. Immunol. 114:
296-301.

16. Francis, J. N., S. J. Till, and S. R. Durham. 2003. Induction of IL-
107CD4"CD25" T cells by grass pollen immunotherapy. J. Allergy Clin. Im-
munol. 111: 1255-1261.

17. Jarnicki, A. G., J. Lysaght, S. Todryk, and K. H. G. Mills. 2006. Suppression of
antitumor immunity by IL-10 and TGF-B-producing T cells infiltrating the grow-
ing tumor: Influence of tumor environment on the induction of CD4™" and CD8*
regulatory T cells. J. Immunol. 177: 896-904.

18. Zheng, S. G., J. H. Wang, J. D. Gray H. Soucier, and D. A. Horwitz. 2004.
Natural and induced CD4*CD25" cells educate CD4*CD25™ cells to develop

19.
20.

21.

22.

23.

24.

25.

26.

217.

28.

29.

30.

31.

32.

33.

34.

3s.

36.

37.

38.

39.

40.

41.

42.

7757

suppressive activity: the role of IL-2, TGF-B, and IL-10. J. Immunol. 172:
5213-5221.

McFadden, E. R., and L. A. Gilbert. 1992. Asthma. N. Engl. J. Med. 327: 1928.
Fu,C.L.,Y.L. Ye, Y. L. Lee, and B. L. Chiang. 2006. Effects of overexpression
of IL-10, IL-12, TGF-$ and IL-4 on allergen induced change in bronchial re-
sponsiveness. Respir. Res. 7: 72.

Wills-Karp, M. 1999. Immunologic basis of antigen-induced airway hyperre-
sponsiveness. Annu. Rev. Immunol. 17: 255-281.

Kobayashi, T., K. Iijima, and H. Kita. 2003. Marked airway eosinophilia prevents
development of airway hyperresponsiveness during an allergic response in IL-5
transgenic mice. J. Immunol. 170: 5756-5763.

Walter, D. M., J. J. McIntire, G. Berry, A. N. J. McKenzie, D. D. Donaldson,
R. H. DeKruyff, and D. T. Umetsu. 2001. Critical role for IL-13 in the develop-
ment of allergen-induced airway hyperreactivity. J. Immunol. 167: 4668—4675.
Yang, G., A. Volk, T. Petley, E. Emmell, J. Giles-Komar, X. Shang, J. Li,
A. M. Das, D. Shealy, D. E. Griswold, and L. Li. 2004. Anti-IL-13 monoclonal
antibody inhibits airway hyperresponsiveness, inflammation and airway remod-
eling. Cytokine 28: 224-232.

Schramm, C., M. Protschka, H. H. Kohler, J. Podlech, M. J. Reddehase,
P. Schirmacher, P. R. Galle, A. W. Lohse, and M. Blessing. 2003. Impairment of
TGF-p signaling in T cells increases susceptibility to experimental autoimmune
hepatitis in mice. Am. J. Physiol. 284: G525-G535.

Schramm, C., S. Huber, M. Protschka, P. Czochra, J. Burg, E. Schmitt,
A. W. Lohse, P. R. Galle, and M. Blessing. 2004. TGFB regulates the
CD4*CD25" T-cell pool and the expression of Foxp3 in vivo. Int. Immunol. 16:
1241-1249.

Doganci, A., T. Eigenbrod, N. Krug, G. T. De Sanctis, M. Hausding,
V.J. Erpenbeck, E. B. Haddad, H. A. Lehr, E. Schmitt, T. Bopp, et al. 2005. The
IL-6R « chain controls lung CD4*CD25" Treg development and function during
allergic airway inflammation in vivo. J. Clin. Invest. 115: 313-325.
Ostroukhova, M., C. Seguin-Devaux, T. B. Oriss, B. Dixon-McCarthy, L. Yang,
B. T. Ameredes, T. E. Corcoran, and A. Ray. 2004. Tolerance induced by inhaled
antigen involves CD4 ™" T cells expressing membrane-bound TGF-8 and FOXP3.
J. Clin. Invest. 114: 28-38.

Griining, G., M. Warnock, A. E. Wakil, R. Venkayya, F. Brombacher,
D. M. Rennick, D. Sheppard, M. Mohrs, D. D. Donaldson, R. M. Locksley, and
D. B. Corry. 1998. Requirement for IL-13 independently of IL-4 in experimental
asthma. Science 282: 2261-2263.

Jaffar, Z., T. Sivakuru, and K. Roberts. 2004. CD4"CD25" T cells regulate
airway eosinophilic inflammation by modulating the Th2 cell phenotype. J. Im-
munol. 172: 3842-3849.

Lewkowich, 1. P., N. S. Herman, K. W. Schleifer, M. P. Dance, B. L. Chen,
K. M. Dienger, A. A. Sproles, J. S. Shah, J. Kohl, Y. Belkaid, and M. Wills-Karp.
2005. CD4"CD25™" T cells protect against experimentally induced asthma and
alter pulmonary dendritic cell phenotype and function. J. Exp. Med. 202:
1549-1561.

Akdis, C. A., K. Blaser, and M. Akdis. 2005. T regulatory cells in allergy: Novel
concepts in the pathogenesis, prevention, and treatment of allergic diseases.
J. Allergy Clin. Immunol. 116: 961-968.

Shevach, E. M. 2002. CD4"CD25" suppressor T cells: more questions than
answers. Nat. Rev. Immunol. 2: 389-400.

Xia, Z. W., L. Q. Xu, W. W. Zhong, J. J. Wei, N. L. Li, J. Shao, Y. Z. Li,
S. C. Yu, and Z. L. Zhang. 2007. Heme oxygenase-1 attenuates ovalbumin-
induced airway inflammation by up-regulation of Foxp3 T-regulatory cells, in-
terleukin-10, and membrane-bound transforming growth factor- 1. Am. J. Pathol.
171: 1904-1914.

Fahlen, L., S. Read, L. Gorelik, S. D. Hurst, R. L. Coffman, R. A. Flavell, and
F. Powrie. 2005. T cells that cannot respond to TGF-B escape control by
CD4"CD25" regulatory T cells. J. Exp. Med. 201: 737-746.

Joetham, A., K. Takada, C. Taube, N. Miyahara, S. Matsubara, T. Koya,
Y. H. Rha, A. Dakhama, and E. W. Gelfand. 2007. Naturally occurring lung
CD4"CD25" T cell regulation of airway allergic responses depends on IL-10
induction of TGF-B. J. Immunol. 178: 1433-1442.

Wilson, M. S., M. D. Taylor, A. Balic, C. A. M. Finney, J. R. Lamb, and
R. M. Maizels. 2005. Suppression of allergic airway inflammation by helminth-
induced regulatory T cells. J. Exp. Med. 202: 1199-1212.

Ameredes, B. T., J. M. Sethi, H. L. Liu, A. M. K. Choi, and W. J. Calhoun. 2005.
Enhanced nitric oxide production associated with airway hyporesponsiveness in
the absence of IL-10. Am. J. Physiol. 288: L868-L873.

Akbari, O., R. H. DeKruyff, and D. T. Umetsu. 2001. Pulmonary dendritic cells
producing IL-10 mediate tolerance induced by respiratory exposure to antigen.
Nat. Immunol. 2: 725-731.

Kazuyuki, N., M. Dohi, K. Okunishi, Y. Komagata, K. Nagatani, R. Tanaka,
J. Miyazaki, and K. Yamamoto. 2005. In vivo IL-10 gene delivery suppresses
airway eosinophilia and hyperreactivity by down-regulating APC functions and
migration without impairing the antigen-specific systemic immune response in a
mouse model of allergic airway inflammation. J. Immunol. 174: 6955—-6966.
Chung, K. F., H. J. Patel, E. J. Fadlon, J. Rousell, E. B. Haddad, P. J. Jose,
J. Mitchell, and M. Belvisi. 1999. Induction of eotaxin expression and release
from human airway smooth muscle cells by IL-13 and TNFa: effects of IL-10
and corticosteroids. Br. J. Pharmacol. 127: 1145-1150.

John, M., S. J. Hirst, P. J. Jose, A. Robichaud, N. Berkman, C. Witt, C. H. Twort,
P. J. Barnes, and K. F. Chung. 1997. Human airway smooth muscle cells express
and release RANTES in response to T helper 1 cytokines: regulation by T helper
2 cytokines and corticosteroids. J. Immunol. 158: 1841-1847.



7758

43.

44,

45.

46.

47.

Sukkar, M. B., R. Issa, S. Xie, U. Oltmanns, R. Newton, and K. F. Chung. 2004.
Fractalkine/CX3CL1 production by human airway smooth muscle cells: induc-
tion by IFN-y and TNF-a and regulation by TGF-B and corticosteroids.
Am. J. Physiol. 287: L1230-L1240.

Hakonarson, H., C. Kim, R. Whelan, D. Campbell, and M. M. Grunstein. 2001.
Bi-directional activation between human airway smooth muscle cells and T lym-
phocytes: role in induction of altered airway responsiveness. J. Immunol. 166:
293-303.

Brandes, M. E., U. E. Mai, K. Ohura, and S. M. Wahl. 1991. Type I transforming
growth factor- receptors on neutrophils mediate chemotaxis to transforming
growth factor-B. J. Immunol. 147: 1600-1606.

Luttmann, W., P. Franz, H. Matthys, and J. C. Virchow, Jr. 1998. Effects of
TGF-8 on eosinophil chemotaxis. Scand. J. Immunol. 47: 127-130.

Olsson, N., E. Piek, M. Sundstrom, D. Peter, and G. Nilsson. 2001. Transforming
growth factor-B-mediated mast cell migration depends on mitogen-activated pro-
tein kinase activity. Cell. Signal. 13: 483—490.

48.

49.

50.

51.

52.

COEXPRESSION OF TGF-B1 AND IL-10 BY Treg IN ASTHMA

Bettelli, E., Y. Carrier, W. Gao, T. Korn, T. B. Strom, M. Oukka, H. L. Weiner,
and V. K. Kuchroo. 2006. Reciprocal developmental pathways for the generation
of pathogenic effector TH17 and regulatory T cells. Nature 441: 235-238.
Hizawa, N., M. Kawaguchi, S. K. Huang, and M. Nishimura. 2006. Role of
interleukin-17F in chronic inflammatory and allergic lung disease. Clin. Exp.
Allergy 36: 1109-1114.

Schnyder-Candrian, S., D. Togbe, I. Couillin, I. Mercier, F. Brombacher,
V. Quesniaux, F. Fossiez, B. Ryffel, and B. Schnyder. 2006. Interleukin-17 is a
negative regulator of established allergic asthma. J. Exp. Med. 203: 2715-2725.
Suzuki, S., F. Kokubu, M. Kawaguchi, T. Homma, M. Odaka, S. Watanabe,
K. Ieki, S. Matsukura, M. Kurokawa, H. Takeuchi, et al. 2007. Expression of
interleukin-17F in a mouse model of allergic asthma. Int. Arch. Allergy Immunol.
143(Suppl. 1): 89-94.

Kumar, R. K., C. Herbert, and P. S. Foster. 2004. Expression of growth factors
by airway epithelial cells in a model of chronic asthma: regulation and relation-
ship to subepithelial fibrosis. Clin. Exp. Allergy 34: 567-575.



