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Interleukin-2/antibody complex expanding Foxp3 " regulatory
T cells exacerbates Th2-mediated allergic airway inflammation
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Charles D. Surh"* & Kwang Soon Kim"*>
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Foxp3" regulatory CD4™ T (Treg) cells play an essential role in
preventing overt immune responses against self and innocuous
foreign antigens. Selective expansion of endogenous Treg cells
in response to the administration of interleukin (IL)-2/antibody
complex, such as the IL-2/JES6-1 complex (IL-2C) in mice, is
considered an attractive therapeutic approach to various
immune disorders. Here, we investigated the therapeutic
potential of IL-2C in allergic airway inflammation models.
IL-2C treatment ameliorated Th17-mediated airway inflam-
mation; however, unexpectedly, IL-2C treatment exacerbated
Th2-mediated allergic airway inflammation by inducing the
selective expansion of Th2 cells and type-2 innate lymphoid
cells. We also found that IL-2 signaling is required for the
expansion of Th2 cells in lymphoproliferative disease caused
by Treg cell depletion. Our data suggest that IL-2C is
selectively applicable to the treatment of allergic airway
diseases depending on the characteristics of airway
inflammation. [BMB Reports 2019; 52(4): 283-288]

INTRODUCTION

Foxp3™ regulatory CD4™ T (Treg) cells play an essential role in
preventing overt pro-inflammatory responses against self and
innocuous environmental antigens (1). Multiple mechanisms
are involved in the suppressive functions of Treg cells; these
include the production of immunosuppressive cytokines,
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CTLA-4-mediated inhibition of antigen-presenting cell
functions, and deprivation of cytokines such as interleukin
(ID-2 via the expression of high levels of CD25, an IL-2
receptor a-subunit required for the assembly of a high-affinity
IL-2 receptor complex (1, 2).

Allergic airway disease is mediated by overt pro-
inflammatory responses against inhaled innocuous antigens.
This pulmonary disorder is a multifaceted disease, and various
types of immune cells participate in the development and
progression of allergic airway diseases (3). Reduced levels of
Treg cells are associated with the pathogenesis of allergic
airway disease (4). Hence, adoptive transfer of Treg cells can
prevent the development or progression of airway disease (5).
Considering the heterogeneity and complexity of allergic
airway disease, the application of Treg cells with
multi-targeting properties represents an attractive therapeutic
approach for treating this condition (2, 3).

IL-2 is a trophic cytokine required for the expansion of
effector cells as well as Treg cells (6). The IL-2/anti-IL-2
antibody complex has been shown to induce vigorous T cell
proliferation in vivo (7). Depending on the clone of the
anti-IL-2 monoclonal antibody, the IL-2/antibody complex
exerts differential effects on the proliferation of T cell subsets.
In mice, IL-2 complexed with the S4B6 clone of the anti-IL-2
antibody preferentially induces the expansion of CD8™ T cells.
The IL-2/JES6-1 complex induces the preferential expansion of
Treg cells by blocking the interaction of IL-2 with CD122
(IL-2RB) and CD132 (common ¥y-chain or IL-2Ry) and
promoting interaction with CD25 (8). In this regard, the
potential therapeutic utility of the IL-2/JES6-1 complex in
treating multiple sclerosis, organ transplantation, food allergy,
and airway allergic diseases has been investigated (9-11).

Here, we evaluated the potential therapeutic utility of the
IL-2/JES6-1 complex in two different endotypes of allergic
airway inflammation. Unexpectedly, we found that the
IL-2/JES6-1 complex did not ameliorate, but rather ex-
acerbated, Th2-mediated airway inflammation. In contrast, this
complex alleviated Th17-mediated airway inflammation.
Exacerbation of airway inflammation by IL-2/JES6-1 complex
was mediated by the selective expansion of Th2 cells and
type-2 innate lymphoid cells. We additionally demonstrated
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that IL-2 signaling is required for GATA3 expression in CD4*
T cells, and IL-2 signaling is critical for the expansion of Th2
cells in a lymphoproliferative disease induced by Treg cell
depletion.

RESULTS

IL-2/antibody complex exacerbates allergic airway
inflammation

We tested whether the expansion of endogenous Treg cells
following the administration of IL-2/JES6-1 complex (IL-2C)
ameliorated allergic airway inflammation. C57BL/6 mice were
intraperitoneally (i.p.) sensitized with ovalbumin (OVA)
emulsified with aluminum hydroxide (Alum), and then
intranasally ~ (i.n.)-challenged with OVA. IL-2C was i.p.
-injected during intranasal OVA challenge to examine the
potential therapeutic effect of IL-2C treatment (Fig. 1A).

In contrast with the previous findings indicating that 1L-2C
ameliorates airway inflammation (11), IL-2C treatment did not
ameliorate, but rather markedly increased, allergic airway
inflammation compared with that in OVA-sensitized/challenged
mice that did not receive IL-2C treatment. IL-2C treatment
increased lung inflammation, as determined by H&E staining
of lung tissue sections (Fig. 1B, C). IL-2C treatment led to a
prominent increase in total cell number in bronchoalveolar
lavage (BAL) fluids (Fig. 1D), with marked infiltration of
eosinophil but not neutrophil (Fig. 1E). IL-2C treatment also
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Fig. 1. IL-2/antibody complex (IL-2C) exacerbates allergic airway
inflammation. C57BL/6 mice were i.p.-sensitized with ovalbumin
(OVA) or PBS plus Alum twice at T1-week interval and
i.n.-challenged with OVA four times. IL-2/JES6-1 antibody complex
(IL-2C) or PBS was i.p. injected once daily for three consecutive
days during OVA-challenge (A) Experimental scheme. (B)
Representative lung section stained with hematoxylin and eosin
(scale bar, 100 um). (C) Histological scores. (D) Total cell number
in BAL fluids. (E) Number of cell infiltrates in BAL fluids:
eosinophils (left), neutrophils (middle) and lymphocytes (right). (F)
Airway hyper-responsiveness was determined at day 2 after final

OVA-<challenge (n = 4). P-value indicates statistical significance
between OVA/Alum and OVA/Alum + IL-2C. Data in CE are
pooled from two independent experiments (n = 6-8). Error bars

denote mean + S.E.M; *P < 0.05, **P < 0.01, ***P < 0.001.
ns, not significant.
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resulted in the increase of airway hypersensitiveness as
measured by airway resistance to inhaled methacholine (Fig. 1F).
This unexpected effect of IL-2C on airway inflammation is
not mouse strain-specific. 1L-2C treatment increased airway
inflammation in OVA-sensitized/challenged BALB/c mice (Fig.
S1A, B). Interestingly, IL-2C treatment before intranasal OVA
challenge did not exacerbate airway inflammation (Fig. S1B,
Q). Collectively, our data indicated that IL-2C treatment during
the onset of disease exacerbates allergic airway inflammation.

IL-2/antibody complex increases the number of Th2 cells and
type-2 innate lymphoid cells despite the increase in Foxp3*
regulatory T cells
In order to elucidate the mechanism through which 1L-2C
exacerbates airway inflammation, we first examined CD4" T
cell responses in the lungs of OVA-sensitized/challenged mice
with or without IL-2C treatment. As shown previously (11),
IL-2C treatment increased the frequency and number of Treg
cells at local sites (Fig. 2A). IL-2C prominently increased
IL-13-producing CD4" T cells in the lung (Fig. 2B, O);
however, IFN-y-producing CD4 " T cells was not influenced by
the IL-2C treatment (data not shown).

Furthermore, as previously reported (12, 13), IL-2C
treatment selectively increased type-2 innate lymphoid cells
(ILCs) expressing GATA3 (Fig. 2D, E). Despite the increase in
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Fig. 2. IL-2/antibody complex increases the number of Th2 cells
and type-2 innate lymphoid cells despite the increase in the
number of Foxp3™ regulatory T cells. Allergic airway
inflammation was induced as described in Fig. 1. (A) Frequencies
of Foxp3+ cells gated on CD4" T cells (lefy)y and numbers of
Foxp3® CD4" T cells (right) in the lung from indicated mice. (B)
Representative FACS plots of IFN-y and IL-13. (C) Frequencies of
IL-137 cells gated on CD4" T cells (lef) and number of IL-13"
CD4" T cells (right) in the lung. (D) Representative FACS plots of
GATA3 and RORyt gated on Lin~ Thy1™ cells. (E) Frequencies of
innate lymphoid cell (ILC) subsets; ILC1, type-1 (GATA3 ,
RORyt ); ILC2, type-2 (GATA3™, RORyt ); ILC3 type-3 (GATA3™,
RORyt™) (left) and numbers of innate lymphoid cell subsets (right).
Numbers in parentheses are fold-difference between OVA/Alum
and OVA/Alum+IL-2C. Data are pooled from two independent
experiments (n = 6-8). Error bars denote mean + S.EM; **P <
0.01, ***P < 0.001.
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the total number of lung-resident ILCs upon IL-2C treatment,
the number of type-2 ILCs was more prominently increased in
response to IL-2C treatment than that of Thet” type-1 or
RORyt" type-3 ILC subsets (Fig. 2D, E). Given that both Th2
and type-2 ILCs are key mediators in Th2-mediated airway
inflammation (13), our data suggest that IL-2C exacerbates
airway inflammation through the combined action of Th2 cells
and type-2 ILCs.

IL-2/antibody complex ameliorates Th17-mediated airway
inflammation
Allergic airway inflammation is heterogeneous and manifests
as various characteristic endotypes (14). Experimentally,
distinct from Th2-mediated airway inflammation induced by
OVA/Alum sensitization, the use of lipopolysaccharide (LPS)
as an adjuvant induces Th17-mediated airway inflammation
and airway infiltration of neutrophils, but not that of
eosinophils (15). To determine whether the exacerbating effect
of IL-2C treatment is restricted only to Th2-mediated airway
inflammation or whether IL-2C can also exacerbate the
pathogenesis of Th17-mediated airway inflammation, mice
were sensitized by intranasal treatment with OVA plus LPS
and then i.n.-challenged with OVA. During OVA challenge,
mice were treated with IL-2C (Fig. S2A).

OVA/LPS-sensitized mice displayed increased airway
infiltration of neutrophils, but not eosinophils, upon i.n.-OVA
challenge (Fig. S2B-D). In contrast to the effect of IL-2C in
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Fig. 3. IL-2/antibody complex alleviates Th17-mediated airway
inflammation. C57BL/6 mice were i.n.-sensitized with OVA or PBS
plus LPS and then i.n-challenged with OVA. During OVA-
challenge, OVA-sensitized mice were i.p.-treated with PBS or IL- ZC
once daily for three consecutive days. (A) Frequencies of Foxp3

cells gated on CD4" T cells (left) and numbers of Foxp3 cD4”

T cells (right) in the lung from indicated mice. (B) Representative
lung section stained with hematoxylin and eosin (scale bar, 100
um). (C) Histological scores. (D) Representative FACS plots of IFN-y
and IL 17 gated on CD4 T cells in the lung. () Frequencies of

IFNy" (left) and IL-177 cells (right) gated on CD4 T cells in the
lung. (F) Numbers of lFNy (lefy and IL-177 CD4™ T cells (right).
Data are pooled from two independent experiments (n = 6-8). Error
bars denote mean + S.EM; *P < 0.05 **P < 0.01, ikl IR

0.001. ns, not significant.
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Th2-mediated airway inflammation, the total cell number in
BAL fluids was significantly reduced in response to IL-2C
treatment with the profound reduction in neutrophil number
(Fig. S2C, D). As expected, [L-2C treatment significantly
increased lung-resident Treg cells (Fig. 3A). IL-2C treatment
significantly reduced lung inflammation as evidenced by H&E
staining of lung tissue sections (Fig. 3B, C), and also reduced
the frequency and number of lung Th17 cells (Fig. 3D-F).
Consequently, Airway hypersensitiveness was reduced by
IL-2C treatment relative to OVA/LPS-sensitized and OVA-
challenged mice (Fig. S2E). These results suggest that IL-2C
treatment alleviates Th17-mediated airway inflammation and
selectively exacerbates Th2-mediated airway inflammation.

IL-2-mediated signaling is required for the expansion of Th2
cells

Next, we sought to elucidate the mechanisms underlying the
selective expansion of Th2 cells in airway inflammation in
response to IL-2C treatment. We first examined GATA3
expression of CD4™ T cells in IL-27"" mice to examine the
role of IL-2 signaling in the generation of Th2 cells. /-2~
mice displayed the reduced level of Treg cells and
concomitant increase of CD44™ effector T cells, supporting the
role of IL-2 signaling in Treg cell proliferation and resistance to
apoptosis in Treg cells (16). Interestingly, the level of GATA3
expression was severely decreased in CD4™ T cells relative to
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Fig. 4. IL-2-mediated signaling is required for the induction of
Th2 ceI[s (A) Representative FACS plots showmg the frequencies
of Foxp3 cells and effector T cells (CD44" Foxp3™) gated on
CD4" T cells in spleen (SPL) from wild-type (WT) and in-2"
mice. (B) Representative histogram showing GATA3 expression
(left) and mean fluorescence intensity (MFI) of GATA3 expre55|on
gated on CD4" T cells in SPL from WT and IL-27' mice. (CE)
Foxp3-DTR mice were treated with PBS or diphtheria toxin (DT).
DT-treated mice were injected with PBS or anti-IL-2 depleting
antibody. Cytokine production from CD4" T cells in SPL was
examlned () Representative FACS plots of IFN-y and IL-13 gated
on CD4 T cells in the SPL from indicated mice. (D) Frequencies
of IFNyy" (left) or, IL-13" (right) cells gated on CD4" T cells. (F)
Number of IFNY (lefy and IL-137 CD4" T cells (right). Data
represent one of two independent experiments (n = 3-4). Error
bars denote mean + S.EM; *P < 0.05, **P < 0.01, ***P <
0.001. ns, not significant.
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that in WT mice (Fig. 4A, B). These results suggest that 1L-2
signaling is required for GATA3 expression in CD4™ T cells
under steady-state conditions.

It was previously reported that the deficiency of Treg cells
leads to a marked increase in both Th1 and Th2 cells, as seen
in Foxp3™" mice (17). To identify the role of IL-2 signaling in
the generation of Th2 cells in this inflammatory setting,
Foxp3-DTR mice, which specifically express diphtheria toxin
(DT) receptor in their Foxp3™ cells, were treated with DT to
deplete Foxp3™ cells in vivo. A cohort of Foxp3-DTR mice
treated with DT was injected with anti-IL-2 monoclonal
antibody to prevent IL-2 signaling on CD4™ T cells. In vivo
depletion of Foxp3™ cells induced a prominent increase of
IFN=y- and IL-13-producing CD4" T cells in the spleen (Fig.
4C-E). Interestingly, the blockade of IL-2 signaling effectively
reduces the number of Th2 cells but not that of Th1 cells (Fig.
4C-E). Collectively, these results indicate that IL-2-mediated
signaling is important for the generation of Th2 cells under
inflammation.

DISCUSSION

The data presented herein demonstrate that IL-2C exacerbates
Th2-mediated airway inflammation but alleviates Th17-
mediated airway inflammation. Our data suggest that the
effects of IL-2C treatment on allergic airway inflammation are
contradictory depending on the characteristics of airway
inflammation.

IL-2 signaling promotes Th2 differentiation but negatively
regulates Th17 differentiation by activating STAT5 phosphory-
lation and inactivating STAT3 phosphorylation (18-20).
Activation of IL-2/STAT5 and NF-kB pathway through T cell
receptor stimulation is required for the robust increase of Th2
cytokine gene expression and enhanced Th2 cell differen-
tiation (20-22). Considering that CD25 is up-regulated in
effector CD4™ T cells at early activation stage (23), IL-2C
treatment may influence the in vivo generation of effector
CD4™ T cell subsets in a T cell-intrinsic manner. In this regard,
in Th2-mediated airway inflammation, amplification of
IL-2/STAT5 signaling by IL-2C treatment promotes the
generation of pathogenic Th2 cells. In line with this, -2/~
mice displayed reduced GATA3 expression in CD4" T cells
relative to WT mice. Furthermore, in lymphoproliferative
diseases caused by the depletion of Treg cells, IL-2 blockade
selectively suppresses Th2 but not Th1 responses. However, in
Th17-mediated airway inflammation, IL-2C treatment inhibits
the generation of pathogenic Th17 cells, presumably in a T
cell-intrinsic manner.

In both Th2- and Th17-mediated airway inflammation
models, IL-2C treatment significantly increased the number of
lung-resident Treg cells. Endogenous Treg cell expansion by
IL-2C treatment may contribute to the reduction of pathogenic
Th17 cells in Th17-mediated airway inflammation. However,
IL-2C-mediated expansion of endogenous Treg cells did not
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result in the suppression of pathogenic Th2 cells in
Th2-mediated airway inflammation. Given that Treg cells exert
their suppressive functions through multiple mechanisms (2,
3), it is also possible that Treg cells suppress Th2 responses
primarily through the deprivation of IL-2. Hence, exogenous
administration of IL-2C interferes with the Treg cell-mediated
suppression of Th2 responses despite the increase in the
number of tissue-resident Treg cells.

Type-2 ILCs are known to promote Th2 responses by
producing pro-Th2 cytokines such as IL-5, IL-13, and IL-4 (24),
and also by presenting cognate antigens through the
expression of MHC class Il (25). Accordingly, the depletion of
type-2 ILCs has been shown to impair protective Th2
responses during Nippostrongylus brasiliensis infection (25).
Type-2 ILCs constitutively express CD25 and IL-2C treatment
can expand type-2 ILCs (12). We also found that type-2 ILCs
were preferentially increased by IL-2C treatment. In this
context, [L-2C-mediated expansion of type-2 ILCs may play an
important role in promoting the local expansion of Th2 cells.
We also found that the preferential expansion of type-2 ILCs
by IL-2C treatment in Th17-induced airway inflammation
model (data not shown). However, during the onset of allergic
airway diseases, the precise role of IL.-2C-mediated alteration
in lung-resident ILCs in the expansion of pathogenic effector
CD4™ T cells remains to be further investigated.

Previously, it was reported that IL-2C administration
alleviates airway inflammation induced by soluble egg antigen
from Schistosoma mansoni through the expansion of
functional IL-10-producing Treg cells in vivo (11). However, in
the present work, we were unable to demonstrate the
therapeutic benefit of IL-2C in  Th2-mediated airway
inflammation, presumably due to the difference in the
experimental regimens. In addition, given that commensal
microbiota influence the pathogenesis of allergic airway
diseases (26, 27), the observed discrepancy in the effect of
IL-2C on allergic airway disease may be attributable to the
difference in the composition of the commensal microbiota.
However, it still remains to be further investigated whether
commensal microbiota influence IL-2C-mediated regulation of
allergic airway inflammation.

In conclusion, our data demonstrate that the [L-2/antibody
complex, which expands endogenous Treg cells in vivo,
exacerbates Th2-mediated allergic airway inflammation.
Therefore, the therapeutic application of [L-2/antibody
complex needs to be carefully considered based on the
characteristics of allergic airway diseases.

MATERIALS AND METHODS

Animals

Specific pathogen-free (SPF) C57BL/6J, BALB/c, IL-2'~  mice
were purchased from The Jackson Laboratory. Foxp3-IRES-
DTR-GFP (Foxp3-DTR) mice were kindly provided by Dr.
Alexander Rudensky (Memorial Sloan Kettering Cancer Center,
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USA) via Dr. Dipayan Rudra (Institute for Basic Science,
Korea). Mice were housed at the animal facility of POSTECH
Biotech Center in accordance with the guidelines of the
institutional animal care and use committee (IACUC #:
POSTECH-2017-0053).

Reagents

For preparation of the IL-2/JES6-1 complex, 1 ug of
recombinant murine IL-2 (ProSpec, Israel) was mixed with
JES6-1 (5 pug/mouse, Bio X cell, USA) in sterile PBS with gentle
agitation for overnight at 4°C. Freshly prepared IL-2/JES6-1
complex was i.p.-injected into mice once a day for three
consecutive days. To in vivo deplete Foxp3™ T cells in
Foxp3-DTR mice, mice were i.p.-injected with DT (1
ug/mouse, Sigma-Aldrich) every other day for a week. For in
vivo blockade of IL-2 signaling, anti-IL-2 mAb (ES6-1) was
produced from hybridoma (clone #JES6-1A12 obtained from
ATCO) and anti-IL-2 mAb (200 pg/mouse) was i.p.-injected
into mice every other day for a week.

OVA-induced airway inflammation

For Th2-induced allergic airway inflammation, mice were
sensitized by i.p.-injection with PBS or 100 ug of OVA in PBS
(Sigma-Aldrich) emulsified in 2 mg of alum (Imject alum.
Thermo Scientific). For i.n.-challenge, mice were anesthetized
with  Avertin  (2,2,2-Tribromoethanol, Sigma-Aldrich) and
administered 50 ug of OVA through the nasal route. Mice
were sacrificed 48 h after a final challenge, and airway
infiltrates and pro-inflammatory responses in the lung were
examined. For Th17-induced allergic airway inflammation,
mice were i.n.-sensitized with PBS or 100 pg of OVA plus 10
ug of lipopolysaccharide from E. coli strain O26:B6 (LPS,
Sigma-Aldrich); then, mice i.n.-challenged with 50 ug of OVA.

Cell isolation

Spleens were collected from the mice and single-cell
suspensions were generated by mechanical disruption. For
isolating single-cell suspensions from the lung tissue, collected
lung tissues were minced with a razor blade and further
digested with DNase | and Collagenase D for 45 minutes at
37°C in RPMI medium containing FBS (3% vol/vol), HEPES (20
mM), penicillin (100 U/ml), streptomycin (100 ug/ml), sodium
pyruvate (1 mM), and non-essential amino acids (1 mM). For
isolating bronchoalveolar lavage (BAL) cells, mice were
anesthetized and trachea were cannulated and lavaged with
sterile PBS. Fluids were centrifuged and cell pellets were
recovered to enumerate BAL cells.

Lung histopathology

Lung tissues were fixed with 4% (w/v) paraformaldehyde.
Fixed samples were paraffin-embedded, cut into 5-um
sections, and stained with hematoxylin and eosin by standard
procedures. Images were acquired with a Nikon ECLIPSE
TS100 microscope and processed using imaging software
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NIS-Elements F 4.00.00. Histology scores were measured as
described previously (28).

Flow cytometry

Isolated cells were stained with Ghost viability dye (Tonbo) to
exclude dead cells. Cells were surface-stained with the
following fluorochrome-conjugated antibodies (eBioscience,
Biolegend, Tonbo, and R&D Biosciences): anti-CD16/32 Fc
Blocker (93), anti-CD4 (RM4-5), anti-TCRB (H57-597),
anti-CD44 (IM7), anti-Thy1.2 (53-2.1), anti-B220 (RA3-6B2),
anti-l-A/I-E (M5/114/15.2), anti-CD11c (N418), anti-CD11b
(M1/70), anti-Ly6G (RB6-8C5), and anti-Siglec F (E50-2440).
For intracellular staining, surface-stained cells were fixed and
permeabilized with a Foxp3 staining kit (eBioscience)
according to manufacturer’s instructions, and stained with the
following antibodies: anti-Foxp3 (FJK-16s), anti-GATA3
(TWA)), anti-RORyt (B2D), anti-IFN-y (XMG1.2), anti-IL17a
(eBio17/B7), anti-IL13 (eBio13A), and anti-IL10 (JES5-16E3).
For in vitro T cell stimulation, isolated cells were cultured for
3 h in RPMI-1640 medium containing 10% FBS, penicillin
(100 U/ml), streptomycin (100 ug/ml), and 55 uM
B-mercaptoethanol in the presence of PMA/lonomycin and
protein transport inhibitors (eBioscience). Stained cells were
acquired on a FACS Fortessa or FACS Canto-ll flow cytometer
with DIVA software (BD Biosciences), and FACS data were
analyzed using FlowJo software (TreeStar).

Assessment of airway hyper-responsiveness (AHR)

At 2 day after the final OVA challenge, mice were
anesthetized by i.p. injection of sodium pentobarbital (Hanlim
Pharmaceutical, Korea, 120 mg/kg of body weight). Mice were
tracheostomized and connected via the endotracheal cannula
to a flexiVent system (SCIREQ Inc., Montreal, Canada). Airway
resistance was determined in response to progressive concen-
trations of inhaled methacholine administration (0, 25, 50
mg/ml). Data were acquired by the flexiWare V8.0 software.

Statistical analyses

Mean and S.E.M. values were calculated using Prism 6
(GraphPad Software). Statistical significance between two
variables was determined by unpaired two-tailed t-tests. Where
appropriate, two-way or one-way ANOVA followed by
Tukey’s multiple comparisons test were performed. P-values
less than 0.05 were considered to indicate statistical
significance.
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