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B7-DC (PD-L2) costimulation of CD4*+ T-helper 1

response via RGMb

Xinxin Nie!, Wenni Chen!, Ying Zhu!, Baozhu Huang!, Weiwei Yu', Zhanshuai Wu!, Sizheng Guo',
Yiping Zhu!, Liqun Luo!, Shengdian Wang? and Lieping Chen'>

The role of B7-DC in T-cell responses remains controversial because both coinhibitory and costimulatory functions
have been reported in various experimental systems in vitro and in vivo. In addition to interacting with the
coinhibitory receptor PD-1, B7-DC has also been shown to bind repulsive guidance molecule b (RGMb). The
functional consequences of the B7-DC/RGMb interaction, however, remain unclear. More than a decade ago, we
reported that replacement of a murine B7-DC mutant lysine with serine (K113S) at positive 113 resulted in a loss
of binding capacity to PD-1. Nevertheless, K113S remained costimulatory for T cells in vitro, implicating a dual
functionality for B7-DC in T-cell responses. Here we show that recombinant K113S protein interacts with RGMb
with a similar affinity to wild-type B7-DC. More importantly, K113S costimulates CD4* T-cell responses via RGMb
and promotes Th1l polarization. RGMb is expressed on the surface of naive mouse T cells, macrophages,
neutrophils and dendritic cells. Finally, K113S/RGMb costimulation suppresses Th2-mediated asthma and
ameliorates small airway inflammation and lung pathology in an experimental mouse model. Our findings indicate
that RGMb is a costimulatory receptor for B7-DC. These findings from the K113S variant provide not only a
possible explanation for the B7-DC-triggered contradictory effects on T-cell responses, but also a novel approach to
investigate the B7-DC/PD-1/RGMb axis. Recombinant K113S or its derivatives could potentially be developed as an
agonist for RGMb to costimulate the Th1 response without triggering PD-1-mediated T-cell inhibition.
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INTRODUCTION
B7-DC (also called PD-12, CD273) has been reported as a
ligand for programmed death one (PD-1),'® but its function
in the regulation of T-cell responses remains elusive. While
several studies support a role for B7-DC in the suppression of
T-cell responses via PD-1 engagement on T cells,'* others
have shown that B7-DC may costimulate T-cell responses and
enhance the immune response.>’~® Using site-directed muta-
genesis, our early work in 2003 showed that a B7-DC variant
(K113S, replacing lysine at positive 113 with serine) lost its
binding to PD-1 but retained its function in the stimulation of
T-cell responses. Based on these findings, we proposed the
existence of a new costimulatory receptor for B7-DC.8
Recently, B7-DC was found to bind repulsive guidance
molecule family member b (RGMb, also called DRAGON).!0
RGMb, a Glycosylphosphatidylinositol-linked membrane-
associated protein, contains an N-terminal 50 amino-acid

signal peptide, C-terminal 35 amino-acid Glycosylphosphati-
dylinositol attachment signal, RGM N-terminus domain, RGM
C-terminus domain and a von Willebrand factor type-D
domain in the middle of the molecule.''> RGMb mRNA is
widespread in the spinal cord, brain (midbrain, hindbrain and
forebrain), liver, kidney, optic nerve and reproductive
tract.!>”1 Studies have shown that RGMb is a coreceptor of
BMP2/4 (bone morphogenetic protein 2 and 4, BMP2/4) to
enhance Smad phosphorylation responses.!>!® RGMb mRNA
is also found in epithelial cells,’” macrophages'®'® and
dendritic cells.! Normal lung interstitial macrophages and
alveolar epithelial cells express high levels of RGMb
mRNA.!1%16 In a recent study, blockade of the RGMb/PD-L2
interaction using a monoclonal antibody (mAb) impaired the
development of respiratory tolerance.'® The role of RGMb
during the T-cell response to antigen, however, remains
unknown.
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Asthma is a chronic small airway disorder characterized by
airway obstruction, wheezing airway hyper-responsiveness and
recurrent inflammation.!® Most of this disease arises from
exposure to allergens such as pollen, house dust mites, animal
dander fungi, molds, air irritants and infections.'®=2° Different
types of immune cells participate in the pathogenesis of
asthma, including eosinophils, macrophages, T cells, neutro-
phils and mast cells.'®?! The CD4" T-helper 2 subset (Th2) is
an important element in asthma progression. When an allergen
stimulates the immune system through the airway of the lung,
Th2 cells produce high levels of IL-5, IL-13 and IL-4, which
subsequently promote allergen-specific IgE and airway smooth
muscle mediators from mast cells.?>>* IL-5 can promote
eosinophil development, activation and recruitment to the
airway of the lung.?>?® IL-13 is involved in airway remodeling
and airway hyper-responsiveness to promote asthma.?”?® The
T-helper 1 subset, however, often suppresses Th2-mediated
responses, and there is ample evidence indicating that the Th1/
Th2 balance is critical for the development of asthma.? Thl
can mediate the suppression of Th2 responses via the produc-
tion of interferon-y (IFN-y) and IL-12.3%32

RGMb knockout (KO) mice die ~ 2 weeks after birth, largely
due to requirements during neural development.!®33 This
prevents the use of this strain for further dissection of B7-
DC/RGMD functions. As an alternative approach, we first
identified a B7-DC variant K113S that selectively binds RGMb
but not PD-1. With this unique ligand for RGMb, we explored
the role of B7-DC/RGMb interactions in T-cell responses.

MATERIALS AND METHODS

Mice

Female BALB/c mice were purchased from and housed in a
specific pathogen-free facility in the Experimental Animal
Centre of Sun Yat-sen University. All mouse experiments were
carried out in accordance with the Sun Yat-sen University
Laboratory Animal Centre guidelines and were approved by the
Institutional Animal Care and Use Committee.

Cell lines

A Chinese hamster ovary (CHO) line expressing murine PD-1
was cultured in Ham’s F12 medium (Gibco, Gaithersburg, MD,
USA) with 1% FBS. The 293T cell line (ATCC, Manassas, VA,
USA) was cultured in DMEM (Cellgro, Manassas, VA, USA)
with 10% FBS and was transfected with Lipofectamine 3000
transfection reagent and mouse RGMb cDNA in a peGFP-N3
expression vector. The cell surface expression of RGMb was
verified by staining with RGMDb antibody (R&D Systems,
Minneapolis, MN, USA) and eGFP fluorescence.

Recombinant fusion proteins, antibodies and cytokines

Plasmids encoding the fusion protein of mouse B7-DC-human
IgG1Fc (B7-DC-hlg) and its variants have been previously
described.® Recombinant proteins were produced by 293T cell
transfection and purified using a protein, an affinity column
(GE, Chicago, IL, USA).>* Anti-hlg was purchased from
Jackson ImmunoResearch (West Grove, PA, USA) and His-
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tagged recombinant mouse RGMb and anti-murine RGMb-
biotin were purchased from R&D Systems. Streptavidin-PE was
purchased from BioLegend (San Diego, CA, USA). Anti-CD3e-
PE, anti-CD4-PE, anti-CD8-PE, anti-CD11c-PE, anti-Grl1-PE,
anti-B220-PE, anti-CD49b-PE, anti-F4/80-PE, anti-mB7-DC-
APC, anti-IL-2-FITC, anti-IEN-y-PE and anti-IL-4-APC mAb
and mouse IL-4, IL-5, IL-13 ELISA kits were purchased from
eBioscience (San Diego, CA, USA). Fisher HealthCare PRO-
TOCOL Hema 3 Fixative and Solutions, Inject Alum and
carboxyfluorescein succinimidyl ester (CFSE) staining dye were
purchased from Thermo Scientific (Waltham, MA, USA).
Albumin from chicken egg grade V ovalbumin (OVA) and
methacholine were purchased from Sigma-Aldrich (St Louis,
MO, USA). Anti-IgE-biotin, Cytofix-CytoPerm with the Golgi-
plug kit and anti-CD4-BV421 were purchased from BD
(Franklin Lakes, NJ, USA).

Surface plasmon resonance analysis

The affinity of murine RGMb with B7-DC and its variants were
analyzed on a Biacore TI100 instrument as previously
described.® In brief, his-tagged RGMb was immobilized on a
CMS5 senor chip (GE Healthcare, Chicago, IL, USA) at 2000
RUs, and the control flow cell was similarly prepared. Purified
Flag-hIg, mB7-DC-hlg and variant fusion proteins were diluted
in HEPES buffer at the indicated concentrations (mB7-DC-hlg
and K113S-hlg from 3.9 to 500 nMm, R56S-hlg and E71S-hlg
from 109.4 nm to 7 pm, 1105A-hlg, D111S-hlg, R101S-hIg and
Flag-hlg at 10 pm). The proteins were injected at a flow rate of
20 pl/min for 3 min, and the buffer was passed over the surface
for 5min for dissociation. The data were analyzed using
BiaCore T100 software.

Experimental asthma mouse model

The OVA-induced asthma mouse model has been previously
described.’! Briefly, 6-8-week-old BALB/c mice were immu-
nized by intraperitoneally injection of 10pg OVA protein
(Sigma-Aldrich) mixed with 4 mg aluminum hydroxide gel
(Inject Alum, Thermo) on day 0 and day 5. Mice were nasally
challenged with 1% OVA in PBS using a nebulizer (Yuwell
402Al, Jiangsu, China) for 30 min on days 11-13. Mice were
anesthetized on day 14. Blood was collected from the inferior
vena cava, and sera were prepared for OVA-specific IgE
detection. Lungs were lavaged with 0.5 ml of warm PBS via a
tracheal cannula three times with a total 1 ml of PBS. The
bronchoalveolar lavage fluids (BALFs) were centrifuged, and
the supernatants were collected for cytokine assays (below).
A Coulter counter (Beckman Coulter, San Diego, CA, USA)
was used to count the total number of cells. The lungs were
also fixed with 10% formalin, and the tissue sections were
stained by H/E for histological evaluation. For hydrodynamic
injection of plasmids in vivo, control Flag-hlg or K113S-hlg
plasmid at 20 pg in a 2-ml volume of PBS were injected within
5-10's via the tail vein, as previously described.”> Human IgG
protein levels in sera and BALF upon hydrodynamic injections
were tested by specific sandwich ELISA at the indicated time
points (Figures 4b and c).
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Figure 1 Binding of B7-DC variants to PD-1 or RGMb. (@) CHO cell lines were transfected to overexpress mouse PD-1 (PD-1* CHO) and
stained with the indicated concentrations of control Ig (Flag-hlg), B7-DC-hlg or its variants and subsequently analyzed by flow cytometry.
(b) 293 cell lines were transfected to overexpress mouse RGMb (RGMb* 293T) and stained with the indicated concentrations of control Ig
(Flag-hlg), B7-DC-hlg or its variants and subsequently analyzed by flow cytometry. The second antibody used for staining was mouse anti-
human IgG Fc-Alexa Fluor 647. All data are representatives of three or more independent experiments. CHO, Chinese hamster ovary;

RGMb, repulsive guidance molecule b.

Table 1 Affinity measurement of B7-DC variants

Ka (1/Ms) Kd (1/5) KD (M)
B7-DC 2.06E+05 0.03744 1.82E-07
K113S 1.94E+05 0.02473 1.28E-07
R56S 8.78E+05 0.2718 3.10E-06
E71S 1.32E+05 0.3744 2.83E-06

The affinity (KD) was calculated based on Biacore T100 software from ‘ka’
(association) and ‘kd’ (dissociation).

Airway hyperresponsiveness assays

Airway hyperresponsiveness to methacholine was evaluated
24 h after the last 1% OVA challenge by both invasive and
non-invasive assays.>® The invasive assay was determined
using the FinePointe Resistance and Compliance System
(Buxco Electronics, NY, USA). Briefly, the mice were
anesthetized, and a tracheotomy was performed. PBS,
followed by methacholine (12.5, 25 mg/ml), was nebulized
and flowed into the trachea of the mice for 30s. The
respiratory flow and lung pressure of the mice were directly
measured. Airway resistance (Ry) was defined as the pressure
driving respiration divided by the flow, which was computed
using Buxco FinePointe Software. The non-invasive assay
was determined using the FinePointe Whole Body Plethys-
mography System (Buxco Electronics, NY, USA),*” which
relies on four designed chambers to connect a sensitive
pressure transducer to measure pressure changes and flow
inside the chamber and transmit information to the Buxco
FinePointe Software. The software calculates several flow-
derived parameters, including respiratory rate, lung volume,
peak flow and time intervals. It reported data as ‘enhanced
pause’ (Penh).’” Penh=(PEP/PIP) X ((Te—Tr)/Tr). Te,
expiratory time (s); Tr, relaxation time (s); PEP, peak
expiratory pressure (ml/s); PIP, peak inspiratory pressure
(ml/s).”

Cellular & Molecular Immunology

Mice were individually placed into each chamber and
allowed to acclimate for several minutes to record the baseline
periods of the chamber. After the baseline measurements,
increasing concentrations of methacholine in PBS (0, 3.125,
6.25, 12.5, 25, 50 mg/ml) were nebulized for 1 min in the main
chamber through the inlet. The airway responses were then
recorded for 5min. The Penh was computed for each group
for the increasing concentrations of methacholine.

Th1 polarization assay in vitro

For Thl generation, CD4* T cells were labeled with CFSE
(Thermo Fisher Scientific, MA, USA) at 2 uM and stimulated
with anti-CD3 antibody (clone 145-2C11) at 2.5 pg/ml and the
indicated fusion protein coated on the plate at 5 pg/ml in the
presence of 10 pg/ml anti-IL-4 and 10 ng/ml IL-12 for 3 days.
In the last 6h, 10ng/ml phorbol 12-myristate 13-acetate
(PMA), 1pg/ml ionomycin and 10 pg/ml brefeldin A were
added to the culture, and the cells were stained with anti-CD4
mADb. Upon fixation and permeabilization using the Cytofix/
Cytoperm Kit (BD Bioscience, Franklin Lakes, NJ, USA), the
cells were stained with mAb against IFN-y and subjected to
flow cytometry analysis. Similar methods were also used to
detect IFN-y, IL-2 and IL-4-positive cells in BALFs. Cytokines
in BALF were also measured using an ELISA kit (eBioscience)
according to the protocol.

Statistical analysis

Each experiment presented in this report was repeated at least
three times; the numbers of animals are stated in the figure
legends. The data are presented as the mean + s.e.m., followed
by the significant difference determined using a two-tailed
Student’s t-test or analysis of variance (ANOVA). *P<0.05,
**P<0.01 and **P<0.001.
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Figure 2 Binding affinity of B7-DC and its variants to RGMb. (a,b) Biacore analysis of the SPR of B7-DC-hlg (a) or K113S-hlg
(b) interactions with mouse RGMb, which was coated on the CM5 biosensor chip at various concentrations (3.906-500 nwm). (c, d) Biacore
analysis of the SPR of R56S-hlg (c) or E71S-hlg (d) interactions with RGMb, which was coated on the chip at various concentrations
(0.1094-7 pm). (e) Response units of the SPR analysis of RGMb interactions with 1105A-hlg, D111S-hlg, R101S-hlg and control Flag-hlg
at 10 um. (f) The 293T cell lines were transfected to overexpress mouse RGMb and stained at the indicated concentrations of anti-
mRGMb-biotin (secondary antibody SA-APC) and 1pug B7-DC-hlg or K113S-hlg (secondary antibody goat anti-human Fc-PE) and
subsequently analyzed by flow cytometry. All data are representatives of three or more independent experiments. RGMb, repulsive guidance

molecule b; SPR, surface plasmon resonance.
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Figure 3 Expression of RGMb and B7-DC on mouse myeloid and lymphoid cells. (@) RGMb cell surface expression was examined using a
specific polyclonal antibody (R&D Systems) by flow cytometry analysis on AMs, pM¢s, BMDCs (immature DCs, blue line; mature DCs, red
line), the RAW264.7 macrophage cell line and freshly isolated spleen PMNs, T, B and NK cells. (b) B7-DC cell surface expression was
tested by flow cytometry on AMs, pM¢s, BMDCs (both immature and mature DCs indicated by the blue and red line, respectively) and the
RAW264.7 macrophage cell line. All data are representatives of three or more experiments. AMs, alveolar macrophages; BMDCs, bone

marrow-derived dendritic cells; pMds, peritoneal macrophages.

RESULTS

Identification of a B7-DC K113S variant that selectively
binds RGMb but not PD-1

We previously demonstrated the generation of several B7-DC
variants with mutations in the binding domain of B7-DC and
PD-1. A variant, K113S, in which the lysine at amino-acid
position 113 was replaced with a serine, completely lost its
ability to bind to PD-1. Interestingly, K113S remained costi-
mulatory for lymphocytes in vitro.® This finding suggests that
B7-DC may function via a receptor other than PD-1 for its
costimulatory function. To determine whether K113S interacts
with RGMb, we prepared recombinant fusion proteins encod-
ing a set of variants (R56S-hlg, E71S-hlg, R101S-hlg, 1105A-
hlg, D111S-hlg and K113S-hlg) and tested their binding
capacity to RGMb. Using flow cytometry, we showed that
1105A, D111S and K113S variants did not bind PD-1* CHO
cells at all tested concentrations, while R56S, E71S and R101S
variants, and wild-type B7-DC significantly bound to PD-1
(Figure la), which was similar to our previous finding.®
Interestingly, K113S-hIg bound to RGMb* 293T cells similar
to wild-type B7-DC-hlg (Figure 1b), while R101S, 1105A and
D111S completely lost their ability to bind to RGMb. R56S and
E71S appeared to exhibit weak binding to RGMb at high
protein concentrations. The above data confirm that B7-DC
interacts with both RGMb and PD-1, while K113S was newly
found to selectively bind to RGMb but not to PD-1.
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K113S binds to RGMb with a similar affinity to wild-type
B7-DC

We determined the binding affinity for K113S by performing a
surface plasmon resonance (SPR) analysis using the Biacore
instrument; the affinity was calculated using Biacore T100
software. K113S bound RGMb with an affinity similar to
B7-DC at nm levels (B7-DC KD=1.82E-07 M, KI113S
KD =1.28E-07; Table 1 and Figures 2a and b), while R56S,
E71S, T1105A and DI111S bound RGMb at pm levels
(Figures 2c—e) and R101S at a similar level as the Flag-hlg
control (Figure 2e).

To further validate the interaction between K113S and
RGMb, we tested the capacity of the RMGb antibody to
compete for the binding of K113S and B7-DC to RGMb. The
RGMb antibody (at various concentrations up to 625 ng/ml)
was added to the culture to compete with B7-DC or the
K113S fusion protein (1 pg/ml) for binding to RGMb*
293T cells using flow cytometry. Consistent with the Biacore
analysis, the RGMDb antibody was slightly less efficient to
compete with K113S-hlg than B7-DC-hlg for binding to
RGMb* 293T cells in most of the tested concentrations
(Figure 2f). Therefore, lysine at amino-acid 113 is crucial for
the interaction of B7-DC with PD-1 but not with RGMb,
indicating that the K113S variant is a highly selective RGMb
ligand that can efficiently avoid PD-1-mediated suppression
of T cells.
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5. The mice were subsequently challenged by inhalation of 1% OVA in PBS for 30 min on days 11-13. One day before the first OVA
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(b) Flag-hlg and K113S-hlg levels in BALF at day 14 after immunization. (c) Flag-hlg and K113S-hlg levels in sera at the indicated days
after hydrodynamic injection. The data represent the mean +s.e.m., and samples were obtained from five individual mice from each group.
The data are representatives of at least three independent experiments. BALF, bronchoalveolar lavage fluids; i.p., intraperitoneally;

i.v., intravenously; PBS, phosphate-buffered solution.

Constitutive expression of RGMb on murine lymphocytes
and myeloid cells

Using the RGMb antibody, we analyzed RGMDb protein
expression on various immune cells. RGMb appeared to be
constitutively expressed at high levels on myeloid cells, includ-
ing freshly isolated alveolar macrophages (AMs), peritoneal
macrophages (pM¢s), bone marrow dendritic cells (BMDCs)
and neutrophils (PMNs) and the RAW264.7 macrophage-like
cell line, with the highest expression detected on pMds
(Figure 3a). Interestingly, RGMDb protein could also be detected
at low levels on the surface of resting CD3", CD4" and CD8"
T cells and B cells of splenocytes, while NK cells were negative
(Figure 3a). The expression of B7-DC, however, was limited to
BMDCs, while its expression levels on AMs and RAW264.7 was
minimal (Figure 3b) similar to a previous report.®

Engagement of RGMb suppresses lung inflammation and
airway hypersensitivity

Taking advantage of RGMb-specific binding by K113S, we
examined the function of RGMb in an OVA-induced asthma
mouse model in which the mice were first immunized and later
challenged with OVA (Figure 4a). In this model, the mice
developed Th2-like inflammatory responses with heavy eosi-
nophil infiltration.?>?%38 One day before immunization, the
mice were injected intravenously with the K113S-hlg plasmid

under high pressure (hydrodynamic injection) to force high
levels of plasmid expression (Figures 4b and c), mainly in the
liver.> As expected, the total infiltrating cell numbers in the
BALF were dramatically increased upon challenge with OVA.
In contrast, mice treated with K113S-hlg exhibited significantly
decreased total cell numbers (Figure 5a). The number of
eosinophils, the primary cell type observed during OVA-
induced asthma, was also significantly suppressed by K113S-
hlg (Figures 5a and b). Histological analysis of the lung showed
that K113S-hlg-treated mice had significantly less inflamma-
tory infiltration around the small airways compared with those
treated with control plasmid (Figure 5¢).

Airway hypersensitivity airway hyperresponsiveness was
assessed by the resistance of lung (R;) and Penh, an index of
airway hypersensitivity, in this model, as described in the
Materials and Methods section. The baseline R; showed no
significant differences among mice treated with the control
or K113S plasmids. However, the Ry of 12.5 mg/ml metha-
choline challenge was decreased in K113S-hlg-treated mice
vs Flag-hlg-treated mice (Figure 5d). Furthermore, Penh was
significantly reduced in mice treated with K113S-hlg com-
pared with Flag-hlg (Figure 5d). These results indicate that
the triggering of RGMb by K113S-hlg suppresses OVA-
induced asthmatic inflammation and improves lung function
in this experimental asthma model.
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K113S costimulates Thl responses via RGMb
We hypothesized that K113S-induced suppression of asthma
inflammation is caused by costimulation of the Thl T-cell
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inflammation. To test this hypothesis, we first evaluated the
ability of K113S to stimulate the Thl response during naive
CD4" T-cell differentiation into Thl cells in vitro. In this
system, purified naive T cells were cultured under Thl
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Figure 6 Effect of K113S on CD4* T-cell costimulation and Th1/Th2 cytokine production. (a, b) Purified CD4* T cells from naive BALB/c
mice were labeled with CFSE and stimulated under Thl differentiation conditions (IL-2 10 ng/ml, IL-12 10 ng/ml and anti-IL-4 10 pg/ml)
in the absence (a) or presence (b) of pM¢s on pre-coated plates with anti-CD3 at 2.5 pg/ml and soluble anti-CD28 at 1 pg/ml for 3 days.
CFSE dilution and IFN-y intracellular staining were evaluated by flow cytometry. (c) Intracellular IL-2, IFN-y and IL-4 were assayed by flow
cytometry using a specific mAb in CD4 cells from the lung following treatment with Flag-hlg or K113S-hlg during OVA-induced asthma.
On day 14 after asthma induction, cells from the BALF were stimulated with PMA/ionomycin/brefeldin A for 4-6 h and collected for flow
cytometry analysis. (d) Intracellular IL-5, IL-13 and IL-4 were assayed using a specific mAb by ELISA in BALF and OVA-specific IgE in
sera following treatment with Flag-hlg or K113S-hlg during OVA-induced asthma. The data are representative of at least three independent
experiments consisting of five mice in each group. *P<0.05. BALF, bronchoalveolar lavage fluids; CFSE, carboxyfluorescein succinimidyl
ester; IFN-y, interferon-y; NS, no significant difference; PMA, phorbol 12-myristate 13-acetate; pM¢s, peritoneal macrophages.
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polarization conditions (anti-CD3*IL-12/anti-IL-4) for 3 days;
Thl CD4" T cells were identified as IFN-y-producing cells by
intracellular staining. To model the potential involvement of
macrophages in vivo, pM¢s were also added to this culture
system. In the presence of K113S-hlg, IEN-y* T cells signifi-
cantly increased in comparison to control Ig (Figures 6a and b).
To confirm this finding, intracellular cytokines in T cells from
the lungs of mice with OVA-induced asthma were measured by
flow cytometry. K113S treatment significantly increased IFN-y
levels in BALF, while the changes in IL-2 and IL-4 were
negligible (Figure 6¢). In the OVA-induced asthma model,
IL-4, IL-5 and IL-13 play an essential role in initiating and
maintaining inflammatory responses in airways,>>?® while
allergen-specific IgE may also play a role in the pathogenesis of
asthma.?® Therefore, we measured these cytokines in BALF and
OVA-specific IgE in sera. Significantly decreased IL-5 and
IL-13 secretion was observed in mice treated with K113S-hlg
plasmid. IL-4 and specific IgE production showed a decreased
tendency, but this difference was not significant (P=0.12 and
P=0.06, respectively) compared with the control (Figure 6d).
The above results indicate that RGMb engagement by K113S
selectively costimulates the IFN-y-producing Thl response,
thereby reducing IL-5 and IL-13 production and suppressing
the symptoms of asthma.

DISCUSSION

In this study, we identified K113S, a B7-DC variant with a
selective binding capacity for RGMb but not PD-1. We showed
that K113S triggered RGMb to costimulate CD4* T-cell growth
with a bias toward the Th1 response as evidenced by increased
IEN-y production under Th1 differentiation conditions. Naive
T cells constitutively expressed RGMb on their surface. Finally,
K113S treatment in an experimental murine asthma model
enhanced IFN-y production in BALF, accompanied by the
suppression of IL-5 and IL-13 production. Ultimately, our
results support a role for RGMb as a costimulatory molecule
leading to CD4* Thl responses.

Our findings provide an explanation for the contradictory
data acquired in the B7-DC studies, in which both positive and
negative effects on T cells have been reported."*’=>4% During
the priming phase, B7-DC on dendritic cells may costimulate
naive CD4* T cells via RGMDb, favoring Th1 T-cell proliferation
and differentiation. Upon costimulation and activation, T cells
are induced to express PD-1, which, upon engagement with
B7-DC, transmits a suppressive signal to T cells. In the context
of constitutive expression of B7-DC by dendritic cells, the
costimulatory function of B7-DC may be quickly attenuated by
its PD-1 engagement, which may constitute a safeguard to
prevent further expansion and overactivation of T cells. There-
fore, depending on the timing and levels of RGMb and PD-1
receptors, B7-DC may display different and sometime opposite
effects on T-cell responses. While it has yet to be determined
whether human RGMb has similar expression patterns and,
more importantly, can also be costimulated upon engagement
by B7-DC, our study provides a rationale to explore this
possibility.
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The mechanism of RGMb-mediated costimulation
remains to be fully elucidated, but our findings in the
OVA-induced asthma model indicate that K113S could
attenuate the asthma response and improve lung function
by reducing respiratory inflammation and resistance. Both
the total inflammatory cell number and eosinophils in the
BALF were alleviated after K113S treatment. Furthermore,
pathological inflammation around the small airways in the
lung was also abated by this treatment. While it is possible
that triggering RGMb directly suppresses the Th2 response,
including IL-5 and IL-13 production, eosinophil infiltration
and airway remodeling during asthma progression, increased
IFN-y was detected in the BALF. These findings support the
costimulation of the Thl response. The role of the Thl
response in the suppression of Th2-mediated asthma has
been well documented.?®** Therefore, costimulation via
RGMb promotes Thl polarization, leading to suppression
of the Th2 response. It is worth mentioning that the effect
of RGMb is somewhat unique and may not be considered
a typical ‘Thl-like’ response. In our study, although
IFN-y production significantly increased, there was mini-
mal change in the levels of IL-2, another important Thl
cytokine. However, the inhibitory effect of RGMDb on the
‘Th2-like’ response is somewhat partial, as indicated, mainly
by the suppression of IL-5 and IL-13. Therefore, the role
of RGMb in Thl polarization may be unique with only a
partial effect.

RGMb KO is lethal in mice, and specific agonists for RGMb
(either antibodies or small molecules) are not yet available,
which limits further exploration of the functions of RGMb.
Selective binding of K113S to RGMb, but not PD-1, provides a
novel approach for the study of immune regulation mediated by
the B7-DC/PD-1/RGMb axis. Recombinant KI113S or its
derivatives might be developed as an agonist for RGMb to
costimulate the Th1 response without triggering PD-1 inhibition
of T-cell functions. This approach is also useful for the potential
therapeutic manipulation of human diseases including asthma.
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