Accepted Article Preview: Published ahead of advance online publication

Immunology A c.ritical role of .Gas6/Axl sign.al in allergic airway responses
& Cell Biology | during RSV vaccine-enhanced disease

Takehiko Shibata, Manabu Ato

Cite this article as: Takehiko Shibata, Manabu Ato, A critical role of Gas6/Axl
signal in allergic airway responses during RSV vaccine-enhanced disease,
Immunology and Cell Biology accepted article preview 19 July 2017; doi:
10.1038/icb.2017.61.

This is a PDF file of an unedited peer-reviewed manuscript that has been accepted
for publication. NPG are providing this early version of the manuscript as a service
to our customers. The manuscript will undergo copyediting, typesetting and a proof
review before it is published in its final form. Please note that during the production
process errors may be discovered which could affect the content, and all legal
disclaimers apply.

Received 17 April 2017; revised 7 July 2017; accepted 8 July 2017; Accepted
article preview online 19 July 2017

© 2017 Macmillan Publishers Limited. All rights reserved.



A critical role of Gas6/Axl signal in allergic airway

responses during RSV vaccine-enhanced disease.

Takehiko Shibata'’, Manabu Ato*

*Department of Immunology,
National Institute of Infectious Diseases

Shinjuku-ku, Tokyo, Japan

"Address correspondence to:
Takehiko Shibata, PhD

National Institute of Infectious Diseases,
1-23-1 Toyama,

Shinjuku-ku, Tokyo, Japan, 162-8640
Phone: +81-3-5285-1111

Fax: +81-3-5285-1156

e-mail: tshibata@niid.go.jp

We have no financial relationships to disclose.

Running title: Gas6/Axl signaling in RSV-induced allergic inflammation

© 2017 Macmillan Publishers Limited. All rights reserved.



Abstract

Respiratory syncytial virus (RSV) is a common virus that causes lower

respiratory infections across a wide range of ages. A licensed RSV vaccine is not

available because vaccination with formalin-inactivated RSV (FI-RSV) and the

subsequent RSV infection cause not only insufficient induction of neutralizing

antibodies but also severe allergic airway responses, termed FI-RSV vaccine

enhanced disease (FI-RSV VED). However, the underlying mechanism has not been

identified, although a Th2-biased immune response is known to be a hallmark of this

disease. Our previous studies have shown that growth arrest-specific 6 (Gas6)/AxI

signaling leads to Th2-biased immune responses during fungus-induced allergic

airway inflammation. Here, we show that Gas6/Axl signaling also leads to FI-RSV

VED and patrtially identify the mechanism in mice. Inhibiting Gas6/Axl| signaling using

Gas6-deficient mice, neutralizing antibodies, and a specific inhibitor of Axl attenuated

allergic airway hyperresponsiveness, including airway inflammation, goblet cell

hyperplasia, and Th2 cytokine production, in addition to increasing interferon-y levels

and the production of RSV-neutralizing IgG2a in FI-RSV VED. Gas6 was produced in
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lymph nodes during immunization with FI-RSV. Lymph node cells derived from

immunized mice produced high levels of Gas6 and Th2 cytokines, but not IFN-y, after

restimulation with RSV. Finally, we found that dendritic cells stimulated with

RSV-glycoprotein (G protein) produced Gas6 and that Axl signaling suppressed DC

maturation and the induction of IL-12 production by the toll-like receptor 4 agonist

RSV-fusion protein. Taken together, these results indicate that RSV-G

protein-induced Gas6/Ax| signaling causes allergic airway responses during FI-RSV

VED.
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Introduction

Respiratory syncytial virus (RSV) is a major cause of respiratory tract

infection in individuals across a wide range of ages worldwide. It leads to 64 million

cases of pneumonia and causes approximately 200,000 deaths annually(1, 2). Almost

all infants are infected with RSV at least once by the time they are 2 years old, and the

infection often recurs throughout life(3). Infants in the first six months, elderly

individuals, and adults with underlying respiratory diseases are susceptible to lower

respiratory tract infection with RSV(4-6). Despite these situations, currently no safe

and effective RSV vaccines are available.

The major obstacles in the development of an RSV vaccine,

formalin-inactivated RSV (FI-RSV), include not only the absence of neutralizing

antibodies but also the occurrence of allergic airway inflammation during subsequent

natural RSV infection. In the 1960s, the FI-RSV vaccine caused severe lung injuries in

recipient children, and two infants died associated with an extended peribronchiolitis

and alveolitis with a significant increase in the number of eosinophils present in the

lung parenchyma that is currently called FI-RSV vaccine-enhanced disease (FI-RSV
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VED)(7-9). FI-RSV VED was also observed in a mouse model: when

FI-RSV—immunized mice were challenged with RSV, there were inappropriate Th2

immune responses, such as increased airway hyperresponsiveness (AHR),

eosinophilia, and mucus goblet cell hyperplasia(10-13), although the underlying cause

has not been determined.

Two major RSV surface proteins, fusion glycoprotein (F protein) and

attachment glycoprotein (G protein), trigger the immune response. The RSV-F protein,

the most effective viral protein in inducing protective immunity in animal model

systems, binds to toll-like receptor 4 and triggers the activation of immune cells(14,

15). In contrast, the RSV-G protein binds to CX3C chemokine receptor 1 and is

involved in Th2 immune responses, such as allergic inflammation, but the underlying

mechanism is not clear(16, 17).

TAM (Tyro3, Axl, and Mertk) receptors, which belong to a distinct receptor

tyrosine kinase protein subfamily, are expressed in various cells and tissues, and their

ligand, growth arrest-specific 6 (Gas6), is involved in a variety of diseases(18-20). It

has long been known that Gas6/TAM plays a role in the clearance of apoptotic cells
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and as a pro-proliferative mediator in smooth muscle cells, fibroblasts, and cancer

cells(21-24). In the field of immunology, it has been shown that Gas6/TAM signaling

has immunosuppressive functions that inhibits toll-like receptor- and cytokine-driven

immune responses in vitro(25, 26). Additionally, TAM receptor signaling in dendritic

cells (DCs) controls the magnitude of the immune response by suppressing the

activation of T cells in vivo(27). More recently, our study showed that signaling

through Gas6 and its highest affinity receptor Axl, but not Mertk and Tyro3, is a novel

inducer of Th2 immune responses in fungus-induced allergic airway

inflammation(28-30).

Thus, the aim of the present study was to explore whether Gas6/AxI signaling

facilitates allergic airway responses during FI-RSV VED. In this study, we addressed

the role of Gas6/Axl in a well-described model of FI-RSV VED. Our data demonstrate

that the induction of Gas6/Ax| signaling by RSV-G protein leads to allergic airway

inflammation via the regulation of DCs during FI-RSV VED.
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Results

Gas6/AxI signaling facilitates allergic airway inflammation during FI-RSV VED.

To clarify the underlying mechanism, we first established a model of FI-RSV

VED in WT mice; the schedule is shown in Figure 1A. Methacholine-induced AHR

was significantly greater in mice with FI-RSV VED than control mice (Figure 1B). In

line with the AHR results, severe airway inflammation was observed during FI-RSV

VED (Figure 1C). Likewise, goblet cell hyperplasia was observed in the airway during

FI-RSV VED (Figure 1D). In FI-RSV VED, eosinophilia was also observed in the

tissue and bronchoalveolar lavage fluid (BALF) as previous reports on clinical and

animal study (Figure 1E, F). These results suggest that Th2-biased immune reactions

are predominant in this condition and cause allergic airway inflammation. Indeed, Th2

cytokines such as IL-4, IL-5, and IL-13, which are inducers of the allergic response

observed in FI-RSV VED, were significantly higher in the lungs of mice experiencing

FI-RSV VED than the control group (Figure 1G). The RSV titers in the lung from mice

during FI-RSV VED on day 8 after virus infection were significantly higher than in that

from non-immunized mice with FI-RSV (Figure 1H).
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To study the role of Gas6/Axl signaling in FI-RSV VED, allergic responses

were compared between WT and Gas6 KO mice. The allergic responses in Gas6 KO

mice were significantly suppressed compared to those in the WT group (Figure 2A).

Our model was non-lethal, but significant weight loss was transiently observed in WT

mice on days 4 to 8 after RSV challenge. On the other hand, no weight loss in Gas6

KO mice was observed during this period (Figure 2B). The extent of allergic

inflammation clearly correlated with AHR(31). In this model as well, peribronchial

accumulation of inflammatory cells was clearly higher in the WT group than in the

Gas6 KO group, as determined from histological analysis and the AHR results

(Figure 2C). Additionally, goblet cell hyperplasia was observed in lung sections from

the WT group, whereas a signal was hardly detected in lung sections from the Gas6

KO mice (Figure 2D). The number of eosinophils, which cause allergic inflammation,

in the lungs of Gas6 KO mice was significantly less than that in WT mice (Figure 2E).

The level of Th2 cytokines, such as IL-4, IL-5, and IL-13, in the homogenate from WT

lungs was significantly greater than that in the homogenate from Gas6 KO mice

(Figure 2F). Accordingly, the number of IL-4- and IL-13-producing CD4" T cells in
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lungs from Gas6 KO mice was also significantly lower than that in lungs from WT mice

(Figure 2G).

Gasb6 binds TAM receptors with different affinities: Axl 2 Tyro3 >> Mertk(32,

33). Therefore, Axl could be the first choice of target to inhibit Gas6/TAM signaling in

this model. Additionally, our previous findings revealed that anti-Axl mAb treatment

ameliorates airway allergic inflammation during fungal asthma by suppressing Th2

cytokine production(28). In the current model as well, anti-Axl mAb treatment

suppressed the allergic response during FI-RSV VED. The delivery of four anti-Axl

mADb injections during immunization with FI-RSV significantly suppressed the

increased AHR compared to the appropriate control group (Figure 3A, B). Other

factors, such as body weight loss, airway inflammation accompanied by eosinophilia,

and goblet cell hyperplasia, that contribute to the pathogenesis of allergic response in

FI-RSV VED were also improved by anti-Axl mAb treatment (Figure 3C—F). Finally,

as with Gas6 deficiency, anti-Axl mAb treatment suppressed Th2 cytokine production,

which leads to pathogenesis (Figure 3G). However, since Gas6 will bind to Mertk

when Axl is blocked by a monoclonal antibody, we injected mice with an Axl-specific
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inhibitor, BGB324, which generally does not prevent binding between Gas6 and Axl,

and examined the effects on allergic airway responses during FI-RSV VED. The

results indicated that the injection of Axl inhibitors significantly attenuated the increase

in AHR observed in the corresponding control group (Supplemental Figure 1A, B).

Other factors, such as airway inflammation, goblet cell hyperplasia, and the

production of Th2 cytokines, contributing to the pathogenesis of allergic response in

FI-RSV VED were also improved by Axl inhibitor treatment (Supplemental Figure 1C,

D, E). These results correspond reasonably well to the results that we observed for the

anti-mAb treatment, suggesting that Gas6/Axl signaling facilitates allergic airway

inflammation during FI-RSV VED.

Gas6 generated in lymph nodes during immunization with FI-RSV drives

differentiation into Th2 cells.

Dendritic cells (DCs) engulf exogenous pathogens in the airways and then

migrate to T cell-enriched lymph nodes via chemotactic signals. Exposure to allergens,

in particular, then leads to interleukin (IL)-4-, IL-5-, and IL-13-induced Th2-dependent
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airway inflammation and subsequent remodeling(34, 35). As Gas6/Axl signaling

facilitates the allergic response during FI-RSV VED, we next investigated the source

of Gas6 and its target cells during FI-RSV VED. Moreover, the development of

FI-RSV VED is attributed to the regulation of acquired immunity; therefore, we

investigated the cellular response in lymph nodes after immunization or infection with

FI-RSV or RSV, respectively. The protein level of Gas6 in homogenates of the

mediastinal lymph nodes (MLNs) from primary RSV-infected and FI-RSV VED mice

was significantly greater than that in naive mice (Figure 4A). Interestingly, the Gas6

level was also higher in homogenates of MLNs from FI-RSV-immunized mice without

RSV infection, although Th2 cytokines were hardly detectable in this condition. When

cells from FI-RSV-immunized mice were restimulated with RSV in vitro, they produced

significantly more Gas6 than cells from non-immunized mice (Figure 4B, C).

Furthermore, when lymph node cells from immunized Gas6 KO mice were

restimulated with live RSV in vitro, they produced significantly more Th2 cytokines

than cells from WT mice (Figure 4C). In contrast, the production of Th2 cytokines by

lymph node cells isolated from FI-RSV-immunized Gas6é KO mice was significantly
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reduced after restimulation with RSV, whereas IFN-y production was significantly

increased after restimulation. These results suggest that Gas6 regulates the

differentiation of Th1l and Th2 cells via DCs during immunization with FI-RSV (Figure

4C). In line with this, we previously found that DCs and macrophages, but not T cells,

produce high levels of Gas6, which facilitates the allergic response, and express TAM

receptors—AXx| in particular—in a fungal asthma model (30). Therefore, we again

focused on DCs as the key cell subset driving subsequent immune responses. We

then investigated whether these cells express Gas6 and Axl after FI-RSV and RSV

stimulation in vitro. DCs constitutively produced Gas6 without any stimulation, and

FI-RSV and RSV stimulation led to significant Gas6 production compared to control

conditions (Figure 4D). Additionally, DCs constitutively express Axl without FI-RSV or

RSV stimulation (Figure 4E). These results suggest that RSV- and FI-RSV-induced

Gas6 autocrinely affects DCs via Axl in the lymph node and defines the subsequent

Th1/Th2 immune response during immunization with FI-RSV.
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Gas6/Ax| signaling inhibits viral clearance by suppressing RSV-neutralizing

IgG2a production during FI-RSV VED.

The inhibition of Gas6/Axl signaling via genetic deficiency, monoclonal

antibody treatment, or inhibitor treatment ameliorated allergic responses during

FI-RSV VED. Therefore, we investigated whether targeting Gas6/Axl signaling affects

the induction of IgE, which induces the allergic response. As a result, the production

of IgE was significantly less in Gas6 KO mice than in WT mice during FI-RSV VED

(Figure 5A). Interestingly, we also found that RSV-F protein-specific 1IgG2a was

hardly detected in serum from WT mice, whereas significant levels were seen in

serum from Gas6 KO mice. The RSV titers in the lung of Gas6 KO mice were

significantly lower than those in WT mice both at day 4 and at day 8 after virus

infection during FI-RSV VED (Figure 5B). These results suggest that restoring IFN-y

production by lymph node cells from Gas6é KO mice could lead to increased

production of IgG2a, which could be an effective neutralizing antibody against RSV. In

fact, serum isolated from Gas6 KO mice during FI-RSV VED significantly reduced

plaque formation by RSV in vitro relative to serum from WT mice (Figure 5C). These

© 2017 Macmillan Publishers Limited. All rights reserved.



14

results were observed in mice treated with the anti-Axl mAb during FI-RSV. When

anti-Axl mAb was injected intraperitoneally every day from 2 days before FI-RSV

injection to 1 day after the injection, the production of anti-RSV-F protein-specific IgE

was significantly less than that in the IgG-treated group (Figure 5D). In contrast, the

IFN-y-induced IgG2a level was significantly higher in serum from anti-Axl mAb-treated

mice than control 1gG-treated mice. The RSV titer in the lung on days 4 and 8 was

significantly lower in anti-Axl mAb-treated mice than in IgG-treated mice (Figure 5E).

Furthermore, mice treated with the anti-AxlI mAb showed significantly greater viral

clearance than IgG-treated mice (Figure 5F). These results correlate with the results

observed in Gas6 KO mice, suggesting that Gas6/Ax| signaling increased the

production of IgE, but not IgG2a, which efficiently neutralizes RSV. Therefore,

targeting this signaling pathway might permit that appropriate regulation of humoral

immunity in RSV infection.

RSV-G protein-induced Gas6/Axl signaling inhibits RSV-F protein-induced

activation of DCs.
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Gas6/AxI signaling facilitates allergic airway inflammation and reduces the

production of effective antibodies after RSV infection. Therefore, we investigated

which component of RSV is responsible for augmenting the Th2 immune response

after FI-RSV vaccination and RSV infection. Since the RSV-G protein also induces a

Th2-biased immune response during FI-RSV VED(17, 36), we hypothesized that

there might be a relationship between RSV-G protein and Gas6 production. When

exogenous RSV-G protein was added to DCs, Gas6 was produced in a

dose-dependent manner, whereas Gas6 production was not induced by RSV-F

protein (Figure 6A, B). We then tried to clarify the underlying mechanism by which

Gas6/Axl signaling regulates the Th1/Th2 immune response during FI-RSV VED.

IL-12 treatment during immunization elicits a Thl immune response in FI-RSV VED

and improves vaccine immunogenicity(13). We then examined IL-12 production

specifically by DCs. Although RSV-G protein failed to induce IL-12 in DCs, incubating

DCs with RSV-F protein resulted in a high level of IL-12 production. Importantly,

addition of RSV-G protein with RSV-F protein diminished IL-12 induction in DCs, and

neither FI-RSV nor RSV induced significant production of IL-12 by DCs (Figure 6C).
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These results indicate that RSV-F protein is a strong stimulator of IL-12 production by

DCs, whereas RSV-G protein has an opposing effect on the production of this

cytokine. Moreover, the addition of both RSV-F and RSV-G significantly suppressed

IL-12 production, in contrast to the addition of RSV-G protein alone. Similarly, the

addition of recombinant Gas6 to DC cultures stimulated with RSV-F protein

significantly suppressed IL-12 production regardless of the presence of RSV-G

protein. In contrast, the suppression of IL-12 production from DCs treated with RSV-G

protein, FI-RSV, and RSV was did not occur when the DCs were treated with the

anti-Axl mAb. These results suggest that RSV-G protein-induced Gas6/AxI signaling

suppresses RSV-F protein-induced IL-12 production in DCs. Additionally, an in vivo

study also showed that Gas6 deficiency and anti-AxlI mAb treatment, which show

antiallergic effects, significantly increased the production of IL-12 in the lung during

FI-RSV VED relative to that in the corresponding control group (Figure 6D). Finally,

the expression of MHC II, CD40, CD80, and CD86, which are markers of DC

activation, was also enhanced by RSV-F protein, but not RSV-G protein and RSV

(Figure 6E). This RSV-F-induced expression was suppressed by the existence of
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RSV-G protein as well as exogenous Gas6, whereas blockade of Gas6/Axl signaling

ameliorated the suppression, suggesting that RSV-G protein-induced Gas6/AxI

signaling alters DC characteristics such as antigen-presenting ability and activation.

Taken together, RSV-G protein-induced Gas6/Axl signaling suppresses RSV-F

protein-induced IL-12 production and the appropriate maturation of DCs, which may

lead to proallergic responses and a reduction in suitable protection against RSV.
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Discussion

Allergic airway responses are associated with Th2 immunity, and IL-25,

IL-33, and TSLP have been identified as triggers in various allergic models(37-39). In

contrast, our previous study showed that signaling from Gas6 and its receptor, Axl, is

a novel inducer of allergic airway responses in a model of fungal asthma(28, 30). In

this study, we also observed that Gas6/Axl signaling leads to allergic airway

responses in RSV infection after immunization with FI-RSV (i.e., FI-RSV VED); this

mechanism was previously unknown. Furthermore, we demonstrated that RSV-G

protein, a Th2 inducer, leads to Gas6 production by DCs, which suppresses RSV-F

protein-induced IL-12 and IFN-y production via Ax| during FI-RSV VED.

A mouse FI-RSV VED model has been established and widely used to

clarify the mechanism underlying the pathogenesis of RSV-associated allergy(40-42).

The structural changes in RSV-F protein that result from formalin fixation have been

considered one of the causes of FI-RSV VED. Moreover, formalin effects are partially

reversible by chemical reduction and boost Th2-biased responses in disease(43).

However, UV irradiation of RSV also exacerbates the pathogenesis of RSV infection
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after immunization with UV-inactivated RSV. The administration of UV irradiation-fixed

RSV led to increased AHR (Supplemental Figure 2A), inflammation, including goblet

cell hyperplasia and infiltration of eosinophils into the airways (Supplemental Figure

2B, C), and Th2 cytokine production (Supplemental Figure 2D) on days 4 and 8 after

RSV infection. These results are consistent with reports by other groups and suggest

that other mechanisms mediate the immune response that causes FI-RSV VED(44).

In fact, RSV-G protein, but not F protein, induces the Th2-biased immune response

that causes FI-RSV VED(17, 36, 45, 46). Although the molecular mechanism through

which RSV-G protein induces Th2-biased immune responses in FI-RSV VED has not

been determined, our findings show that Gas6/Ax| signaling could be mechanism

responsible for this induction.

We have identified two possible mechanisms through which Gas6/AxI

signaling leads to a Th2-biased immune response in FI-RSV VED: 1) Gas6/Axl

signaling directly induces Th2 immunity without modulating the Th1l immune response

during allergic airway response, or 2) Gas6/Axl signaling skews the Th1/Th2 immune

balance towards Th2 by suppressing the Thl response, including IL-12 production
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and subsequently IFN-y. It is important that Gas6/Ax| signaling dramatically enhances

allergic immune responses during FI-RSV VED, even though it simultaneously

attenuates RSV-F protein-induced activation of DCs with the concomitant suppression

of MHC 1l, CD40, and CD80 expression. Furthermore, Gas6/Ax| also strongly

suppresses IFN-y production in innate immune models(28, 47). These results seem to

support the second hypothesis. However, further studies are needed to verify our

hypothesis at the molecular and cellular levels while focusing on the mechanism by

which Gas6/Ax| suppresses IFN-y in particular.

The roles of Gas6/Ax| signaling in immune regulation have not yet been

fully explained. Dr. Rothlin’s group recently reported that the TAM family receptor

tyrosine kinase Tyro3 is a negative regulator of type 2 immunity(48). These results

seem to contradict our previous and current results, but we have already suggested

distinct roles of TAM receptors in fungal asthma(28, 30). Another TAM family member,

Mertk, shows the opposite effects of Axl and suppresses type 2 inflammation. As the

affinity of Gas6 for Axl is significantly higher than its affinity for Mertk, the suppressive

effects of Mertk appear with the effects of Axl when Gas6 reaches higher levels. The
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use of different ligands (Gas6 and protein S) and receptors (TAM) generates diversity

in efferocytosis and cancer progression; therefore, it is reasonable to consider that

Th1/Th2 immune responses, such as allergic inflammation, are also regulated by

these variations(21, 49). Although we showed that the combination of Gas6 and Axl

leads to a Th2 immune response and reduces the induction of neutralizing antibodies

against RSV, it might be necessary to carefully evaluate whether other combinations

of ligands and receptors are involved in FI-RSV VED.

Targeting Axl might have applications not only in the development of a

vaccine but also as a therapy for RSV infections that have unique characteristics.

Recurrent RSV infection often causes asthma, particularly in childhood(50). Even

healthy adults have recurrent RSV infection with cold-like symptoms throughout their

life due to the failure to produce appropriate neutralizing antibodies(3). These effects

might be due to Gas6/Ax| signal-triggered immune suppression, which resembles the

response during FI-RSV VED. Further studies investigating how Gas6/AxI signaling

regulates the innate and adaptive immune responses associated with RSV infection

will help resolve various issues associated with RSV infection.
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In summary, we used gene targeting, monoclonal antibody, and inhibitor

approaches to determine that the Gas6/Ax| signal induced by RSV-G protein causes

allergic airway responses and the lack of RSV neutralizing antibodies in FI-RSV VED.

Thus, Gas6/Ax| signaling might explain the earlier failures in the development of an

RSV vaccine. Although further studies investigating the molecular mechanisms

underlying the RSV-G protein-mediated induction of Gas6 and the Gas6/Axl

signaling-mediated induction of Th2-biased immune reactions are required, the

attenuation of Gas6/Ax| signaling during vaccination and infection might represent a

novel therapy for the prevention and treatment of RSV infection.
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Materials and Methods

Ethics statement

All animal experiments were performed according to the guidelines of the Committees

on Animal Handling and Ethical Regulations of the National Institute of Infectious

Diseases (NIID), Japan, and the protocol was approved by the Institutional Animal

Care and Use Committee of the institute.

Mice

Mice were maintained in a specific-pathogen-free facility in NIID. Wild-type C57BL/6J

(WT) mice (7 weeks old) were obtained from Japan SLC, Inc. (Hamamatsu, Japan).

Gas6-deficient (Gas6é KO) mice were generated as previously described and were

subsequently bred and maintained in a specific pathogen-free colony at NIID(51).

Gas6 KO mice were kindly provided by Dr. Russell Taichman (University of Michigan,

Ann Arbor, MI, USA).

Model of FI-RSV VED in mice
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RSV strain A2 was originally provided by Dr. Stokes Peeble at Vanderbilt University

and propagated in cultured HEp-2 cells (American Type Culture Collection, VA). As

shown in Supplemental Fig. S1, male C57BL/6J mice and Gas6 KO mice underwent

primary sensitization with FI-RSV (10° PFU equivalent/mouse) and Imject Alum

(Thermo Fisher Scientific, MA) via subcutaneous injection. Three weeks later, the

mice were sensitized with FI-RSV (10° PFU equivalent/mouse) via intranasal (i.n.)

administration three times every other day, followed by a final infection with live RSV

(10° PFU/mouse) via i.n. instillation. Beginning on days 4 and 8 after RSV challenge,

AHR was assessed in all groups of mice using flexiVent (SCIREQ, Montreal, Canada).

Once the baseline airway resistance was established, increasing doses (i.e., 210

ug/kg or 420 pg/kg) of methacholine (Wako Pure Chemical Industries, Ltd., Osaka,

Japan) were administered via the tail vein, and AHR was monitored. In these studies,

we observed that the 420 ug/kg dose of methacholine evoked maximal changes in

airway resistance, and these values are reported herein. Whole lung lobes from each

mouse were dissected and snap frozen for cellular and proteomic analyses or fixed in

10% formalin for histological analysis. Sodium pentobarbital (0.04 ug/kg of mouse
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body weight; Kyoritsu Seiyaku Corporation, Tokyo, Japan) was used to anesthetize

mice prior to intubation and ventilation.

Anti-Axl monoclonal antibody (mAb) and Axl inhibitor (BGB324) treatment of

mice with FI-RSV VED

C57BL/6J mice received IgG (5 pg/dose; Genentech, CA) or anti-Axl mAb (5 ug/dose;

Genentech) intraperitoneally every day from 2 days before to 1 day after the first

FI-RSV injection with alum, for a total of 4 doses of anti-AxI mAb. Three weeks later,

the mice were sensitized with FI-RSV (10° PFU equivalent/mouse) via i.n.

administration three times every other day, followed by a final infection with live RSV

(10° PFU/mouse) via i.n. instillation. Beginning on day 8 after RSV challenge, the

allergic response was determined as described above. In another experiment, mice

were treated with BGB324 (250 ug/dose; BerGenBio, Bergen, Norway) or

hydroxypropyl methylcellulose (HPMC; Alfa Aesar, MA) in the same manner as the

anti-Axl mAb treatment in FI-RSV VED as a control.
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Cytokine ELISA

Murine Gas6, IL-4, IL-5, IL-13, IL-12p40, and interferon (IFN)-y were measured in

culture samples using a standardized sandwich ELISA (R&D systems, MN).

Recombinant murine proteins (R&D Systems) were used to generate standard curves.

The limit of ELISA detection for each cytokine was consistently >19.5, 15.6, 31.3, 62.5,

19.5, and 31.3 pg/ml for the Gas6, IL-4, IL-5, IL-13, IL-12p40 and IFN-y sandwich

ELISAs, respectively.

Bone marrow-derived DCs (BMDCs) and in vitro assay

BMDCs were prepared from control mice at various times before and after RSV

challenge. To generate DCs, bone marrow cells were cultured with

granulocyte-macrophage colony-stimulating factor (20 ng/ml; R&D Systems) for 6

days. DCs were sorted based on CD11c expression using magnetic-activated cell

sorting (Miltenyi Biotec, Bergisch Gladbach, Germany). DCs were then exposed to

FI-RSV and RSV (multiplicity of infection = 1) and incubated for 48 h. The supernatant

and DCs were collected for Gas6 ELISA and flow cytometric analysis of Axl,
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respectively. In addition, DCs were stimulated with recombinant RSV-G protein

(0.01-1 pg/ml; Sino Biological, Inc., Beijing, China) for 24 h, and the level of Gas6 in

the supernatant was measured. Similarly, DCs were treated with recombinant Gas6 or

anti-Axl mAb for 30 min and with RSV-F protein (1 pg/ml; Sino Biological Inc.) and/or

RSV-G protein, FI-RSV, or RSV for 48 h. After this, the level of IL-12p40 in the

supernatant was measured using a standard ELISA assay.

Flow cytometric analysis

Whole lung samples were obtained from all groups on day 8 after RSV challenge and

incubated with collagenase type | (1 mg/ml; Thermo Fisher Scientific, Waltham, MA)

and DNase | (1 pg/ml; Sigma-Aldrich, Saint Louis, MO) at 37 °C for 45 min. Whole lung

cell suspensions were then incubated with anti-CD16/CD32 (2.4G2) and further

labeled with fluorescent dye-conjugated mAbs (CD45 (BD Pharmingen, San Jose, CA

Cat. No. 560694), CD11b (BD Pharmingen, 562127), Siglec-F (BD Pharmingen,

552126), CD4 (BD Pharmingen, 550954), and CD11c (BD Pharmingen, 553801), CD3

(eBioscience, CA, 17-5892-81) and CD8 (eBioscience, 11-0081-82)) for 15 min.
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Similarly, tissue culture-generated cells were incubated with these antibodies for the

same amount of time. For intracellular staining of cytokines, lung cells (10° cells per

well) were stimulated with PMA (50 ng/ml) and ionomycin (1 pM) in the presence of

Golgistop (BD Cytofix/Cytoperm Kit; BD Biosciences Pharmingen) for 5 h. Cells were

washed and stained with anti-CD45, anti-CD3, anti-CD4, and anti-CD8 antibodies.

They were resuspended in a fixation/permeabilization solution (BD Cytofix/Cytoperm

Kit; BD Pharmingen) and stained with anti-IL-4 (BioLegend, CA, 17-7041-81),

anti-IL-5 (BD Pharmingen, 562048), and anti-IL-13 (BioLegend, 12-7133-81)

antibodies for 30 min. For the in vitro study, BMDCs were stained with antibodies

against MHC 1l (BD Pharmingen, 557000), CD40 (BD Pharmingen, 562846), CD80

(BD Pharmingen, 560528), and CD86 (BD Pharmingen, 561964) after blocking FcR

with anti-CD16/CD32. Data were acquired on a FACSCanto Il machine using FACS

Diva software (BD Pharmingen), and all data were analyzed using the FlowJo

software package (TreeStar, Ashland, OR).

Culture and stimulation of lymph node cells
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Mediastinal lymph nodes (MLNs) were digested mechanically using an

18-gauge needle and enzymatically via incubation with collagenase | and

DNase | in RPMI 1640 (Wako, Osaka, Japan) with 10% fetal calf serum (FCS).

Following RBC lysis, cells were passed through a 40-um strainer and counted.

Suspensions of total lymph node cells were cultured in complete medium and

restimulated with RSV (multiplicity of infection = 1) for 48 h for measurement of

Th cytokines in the culture supernatant.

Plague assay and plaque reduction assay

For the immunoplaque assay, total lungs were homogenized, and serial dilutions of

the supernatant were incubated in a 24-well plate with HEp-2 cell monolayers in

Dulbecco’s modified Eagle’s medium (DMEM) and overlaid with methylcellulose, as

described previously(52). After 4 days, viral plaques were visualized using a goat

anti-RSV polyclonal antibody (Millipore, Temecula, CA). For the plague reduction

assay, serum from mice in each group was gradually diluted with DMEM containing

10% FCS, then added to 90% confluent HEp-2 cells for 7 h and replaced with
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methylcellulose. On day 3, after adding the lung homogenates, the plaque assay was

carried out with the anti-RSV antibody. The data are expressed as the percentage of

plaque reduction compared to naive serum, which was set to 1.

Detection of RSV-specific antibodies

RSV-specific antibodies were detected in sera collected on days 4 and 8 after RSV

challenge during FI-RSV VED using direct ELISA; plates were coated with RSV-F

protein. Serum samples for ELISA were diluted 1:10-1:1000; the data shown here are

for the 1:100 dilution. Anti-RSV IgG (EMD Millipore, CA) was used as a secondary

antibody before horseradish peroxidase was added (Bio-Rad, NC) and the OD at 450

nm was measured.

Preparation of UV-inactivated respiratory syncytial virus (RSV) and

immunization.
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RSV was irradiated with UV at 1350 yW/cm? for 20 min to inactivate it. Instead of

formalin-inactivated RSV, mice were immunized with UV-inactivated RSV prior to

RSV infection to construct vaccine-enhanced disease.

Statistical analysis

All results are expressed as the mean + standard error of mean. A two-tailed

Student’s t-test was used to determine statistical significance between groups. All

statistical analyses were performed using GraphPad Prism software (ver. 6.0; San

Diego, CA, USA). P < 0.05 was considered statistically significant.
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Figure Legends

Figure 1. A model of FI-RSV VED in mice. Timeline for establishing a model of

formalin-inactivated-RSV  enhanced disease (FI-RSV VED) (A). Airway

hyperresponsiveness (AHR) to methacholine challenge (420 mg/kg) was determined

in vehicle, FI-RSV-immunized (FI-RSV), RSV-infected (RSV), and FI-RSV VED mice

on day 8 after RSV challenge (B). Representative hematoxylin and eosin-stained (C)

and Periodic acid-Schiff (PAS)-stained (D) lung tissue sections obtained from mice on

day 8 after RSV challenge. Original magnification: x200. Representative image of

eosinophil (cell that has segmented nuclei and small brick-red granules within the

cellular cytoplasm: yellow arrows) infiltration in lung tissue sections obtained from

mice on day 8 after RSV challenge (E). Eosinophil counts in the bronchoalveolar

lavage fluid (BALF) from each group of mice on day 8 after RSV challenge (F). The

protein levels of IL-4, IL-5, and IL-13 in lung homogenates obtained from mice on day

8 after RSV challenge (G). Viral titers in lungs from FI-RSV-sensitized mice on day 8

after RSV challenge (H). These results are expressed as the mean + standard error of

the mean (SEM) for n =5 (vehicle, FI-RSV, RSV) or 6 (FI-RSV+RSV). *P < 0.05, *P <
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0.01, **P < 0.001, ***P < 0.0001. Representative results from two independent

experiments are shown.

Figure 2. Growth arrest-specific (Gas) 6 facilitates the allergic airway response

during formalin-inactivated respiratory syncytial virus vaccine-enhanced

disease (FI-RSV VED).

Airway hyperresponsiveness (AHR) to methacholine challenge (420 mg/kg) was

determined in FI-RSV-sensitized wild-type (WT) mice or Gas6-deficient (Gas6 KO)

mice on day 8 after RSV challenge (A). The change in body weight of

FI-RSV-sensitized WT mice or Gas6é KO mice after RSV challenge (B).

Representative hematoxylin and eosin-stained lung tissue sections from WT and

Gas6 KO mice on day 8 after RSV challenge. Original magnification: x40 (top) and

x200 (bottom) (C). Representative Periodic acid-Schiff (PAS)-stained lung tissue

sections from WT and Gas6é KO mice on day 8 after RSV challenge. Original

magnification: x400 (D). Eosinophil (Siglec-F'"CD11b"CD11c” in granulocyte on

FCS/SSC) counts in lungs from both groups of mice (E). The protein levels of
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interleukin (IL)-4, IL-5, and IL-13 in whole lung homogenates from both groups (F).

The number of IL-4-, IL-5-, and IL-13-producing CD45"CD3"CD4" cells in lungs from

WT and Gas6 KO mice on day 8 after RSV challenge (G). These results are

expressed as the mean + SEM for n =5 (WT) or 6 (Gas6 KO). *P < 0.05, *P < 0.01,

***P < (0.001. Representative results from two independent experiments are shown.

Figure 3. Administration of an anti-AxlI monoclonal antibody (mAb) during

immunization prevents allergic airway response in FI-RSV VED. Timeline of

anti-Axl mAb treatment in the FI-RSV VED model (A). Mice were injected with IgG (5

pg/dose) or anti-Axl mAb (5 pg/dose) intraperitoneally every day from 2 days before to

1 day after the first FI-RSV injection, for a total of 4 doses of antibodies (5 pg/dose x 4

= 20 pg total). Airway hyperresponsiveness (AHR) to methacholine challenge (420

mg/kg) was determined in control IgG- and anti-Axl mAb-treated mice with FI-RSV

VED on day 8 after RSV challenge (B). The change in body weight of IgG- or anti-Axl

mADb-treated mice over time after RSV challenge (C). Representative hematoxylin and

eosin-stained lung tissue sections from IgG- or anti-Axl mAb-treated mice on day 8
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after RSV challenge. Original magnification: x40 (top) and %200 (bottom) (D).

Eosinophil counts in the bronchoalveolar lavage from both groups of mice (E).

Representative Periodic acid-Schiff (PAS)-stained lung tissue sections from IgG- or

anti-Axl mAb-treated mice on days 4 and 8 after RSV challenge (F). The protein levels

of interleukin (IL)-4, IL-5, and IL-13 in bronchoalveolar lavage fluid from IgG- or

anti-Axl mAb-treated mice on day 8 after RSV challenge (G). These results are

expressed as the mean + SEM for n =5 (+IgG) or 6 (+Axl Ab). *P < 0.05, **P < 0.01.

Representative results from two independent experiments are shown.

Figure 4. Gasb6 is generated in lymph nodes during immunization with FI-RSV

drives differentiation into Th2 cells. The protein levels of Gas6 in mediastinal

lymph nodes (MLNs) after immunization with FI-RSV, RSV infection, and RSV

infection post immunization with FI-RSV (FI-RSV + RSV) (A). The protein levels of

Gasb6 in the supernatant of MLN cells from naive (indicated as —, white bar) and

FI-RSV-immunized mice (FI-RSV, black bar) that were restimulated with RSV for 2

days (B). The protein levels of interleukin (IL)-4, IL-5, IL-13, and interferon (IFN)-y in
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the supernatant of MLN cells from FI-RSV-immunized wild-type (WT, white bar) and

Gas6-deficient (Gas6 KO, black bar) mice that were restimulated with RSV for 2 days

(+RSV) (C). The protein level of Gas6 in the supernatant of bone marrow-derived

dendritic cells (BMDCs) stimulated with FI-RSV and RSV for 24 h (D). Flow cytometric

analysis of Axl expression on BMDCs after stimulation with RSV and FI-RSV for 24 h

(E). These results are expressed as the mean £ SEM for n = 5-6 (A-C) or 3 (D, E). *P

< 0.05, *P < 0.01, **P < 0.001, ***P < 0.0001. Representative results from three

(A-C) or two (D, E) independent experiments are shown.

Figure 5. Gas6/Axl signaling inhibits viral clearance by reducing

RSV-neutralizing 1gG2a production during FI-RSV VED. Vira-titer—intungfrom

RSV-challenge{A)- Anti-RSV fusion glycoprotein (F protein) IgE (left) and 1gG2a

(right) levels in sera from FI-RSV-sensitized WT and Gas6 KO mice on days 4 and 8

after RSV challenge (A). Viral titers in lungs from FI-RSV-sensitized WT and Gas6 KO

mice on day 8 after RSV challenge (B). Plaque reduction was determined by adding
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serum from FI-RSV-sensitized WT or Gas6 KO mice to RSV and subsequently adding

of HEp-2 cells (C). Anti-RSV-F protein IgG2a (left) and IgE (right) levels in serum from

FI-RSV-sensitized 1gG- or anti-AxI mAb-treated mice, at day 8 after RSV challenge

(D). Viral titers in lungs from FI-RSV-sensitized control IgG- or anti-AxI mAb-treated

mice, on day 8 after RSV challenge (E). Plaque reduction was determined by adding

serum obtained from FI-RSV-sensitized 1gG- or anti-AxI mAb-treated mice on day 8 to

RSV and subsequently addition of HEp-2 cells (F). These results are expressed as

the mean + SEM for n = 5-6. * P < 0.05, ** P < 0.01, *** P < 0.001. Representative

results from two independent experiments are shown.

Figure 6. RSV-glycoprotein (G protein)-induced Gas6/AxI| signaling inhibits RSV

fusion glycoprotein (F protein)-induced activation of DCs. The production of

Gas6 by bone marrow-derived DCs (BMDCs) stimulated with 0.01, 0.1, or 1 ug/ml

recombinant RSV-G protein (A) and 0.01, 0.1, or 1 ug/ml RSV-F protein (B) for 24 h.

Interleukin (IL)-12p40 production by BMDCs treated with recombinant Gas6 or

anti-Axl mAb. These cells were treated with RSV-F protein and/or RSV-G protein or
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RSV for 24 h (C). Representative data and MFI of MHC Il, CD40, CD80, and CD86

expression on BMDCs treated with recombinant Gas6 or anti-Axl mAb. These cells

were treated with RSV-F protein and RSV-G protein or RSV for 24 h (D). The protein

level of IL-12p40 in lung homogenates from wild-type (WT) and Gas-deficient (Gas6

KO) mice (left panel) or lung homogenates from IgG- and anti-Axl mAb-treated mice

(right panel) on day 8 after RSV challenge (E). These in vitro (D, n = 3) and in vivo (A,

B, C, E, n =5) results are expressed as the mean £ SEM. *P < 0.05, *P < 0.01, **P <

0.001. Representative results from three (D) or two (A, B, C, E) independent

experiments are shown.
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Figure 2
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Figure 3
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Figure 4
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Figure 5
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Figure 6
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