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Introduction
Globally, respiratory syncytial virus (RSV) is the major cause of respi-
ratory tract infection among humans. Particularly, infants under 
the age of 2 years are susceptible to RSV infection and the infection 
often recurs later in life (1). Infants during the first 6 months of life, 
elderly individuals, and adult patients with respiratory diseases are 
susceptible to lower respiratory tract infections with RSV (2, 3). The 
RSV infections of the lower respiratory tract account for 64 million 
cases of pneumonia and approximately 200,000 deaths annually 
(4, 5). Various bacteria, such as Streptococcus pneumoniae, Staphy-
lococcus aureus, non-typable Haemophilus influenzae, and Moraxel-
la catarrhalis frequently colonize in patients with RSV-associated 
pneumonia (6–8). Furthermore, RSV infection is associated with a 
higher risk for bacterial pneumonia (9–11). These clinical observa-
tions indicate that human RSV infection increases the susceptibility 
of patients to subsequent bacterial infection.

One possible mechanism underlying enhanced susceptibility 
to bacterial infection after RSV infection is the attenuated barrier 
function of the respiratory epithelium. RSV infection is reported 
to be associated with an increased number of exfoliated epithelial 

cells (12). Additionally, RSV is reported to increase the virulence of 
pneumococcus bacteria (11). Furthermore, functional changes in 
neutrophils may also contribute to secondary bacterial infection 
(10). However, there are limited studies on secondary bacterial 
infections associated with RSV when compared with those asso-
ciated with influenza virus (13–15). Other possible mechanisms 
involved in the enhanced susceptibility to secondary bacterial 
infections include the attenuation of antibacterial protective immu-
nity. In a previous study, we demonstrated that RSV stimulates the 
growth arrest–specific 6 (Gas6)/Axl axis, which regulates the anti-
RSV and antifungal Th1 immune responses (16, 17). Mechanistical-
ly, Axl, a high-affinity Gas6 receptor, was reported to attenuate the 
ability of dendritic cells (DCs) to respond to pathogen-associated 
molecular patterns through the DC-intrinsic Toll-like receptor 
(TLR) (18, 19). This inhibitory effect of Gas6/Axl contributes to the 
induction of SOCS1 and Twist (20, 21). In the mouse model, the 
Gas6/Axl axis is the key regulator of antibacterial immunity fol-
lowing primary RSV infection. However, the mechanisms under-
lying the increased susceptibility to subsequent bacterial infection 
after initial RSV infection have not been elucidated.

In this study, we investigated the role of the RSV-triggered 
Gas6/Axl axis in secondary S. pneumoniae infection. The seri-
al analysis using gene-deficient mice and blocking antibodies 
revealed that the Gas6/Axl axis is a crucial regulator of protec-
tive immunity against pneumococcal infection. Intriguingly, the 
mechanisms underlying the Gas6/Axl-mediated immune modu-
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observations (22–24). The primary S. pneumoniae infection was 
cleared by day 3 after infection, but the clearance was delayed in 
mice preexposed to RSV (Supplemental Figure 2D). S. pneumoni-
ae infection transiently induced peribronchial accumulation of 
various inflammatory cells, such as neutrophils, interstitial mac-
rophages, CD4+ T cells, CD8+ T cells, and NK cells at day 1 after  
S. pneumoniae infection. The mice preexposed to RSV did not 
exhibit peribronchial accumulation of inflammatory cells (Sup-
plemental Figure 2, E and F). Similarly, preexposure to RSV sig-
nificantly suppressed IFN-γ production following pneumococcal 
infection (Supplemental Figure 2G). Further, preexposure to RSV 
attenuated the IFN-γ–induced secretion of effector cytokines, NO, 
and CXCL1 and CXCL2, but not leukotriene B4, which are pow-
erful neutrophil chemoattractants, after infection. These results 
suggest that prior RSV infection may increase the susceptibility to 
pneumococcal infection by suppressing the immune responses in 
the developed mouse model.

RSV infection promotes the expression of Gas6 and its recep-
tor Axl, which majorly contributes to the RSV-induced immune 
responses under several conditions (17, 25). Thus, we first assessed 
the role of the Gas6/Axl axis in increasing the susceptibility to sec-
ondary bacterial infection after preexposure to RSV (Figure 1D). The 
virus titers on days 4 and 8 after RSV infection were not significant-
ly different between Gas6-deficient (Gas6–/–) and WT mice (Figure 
1E). The RSV-mediated suppression of antibacterial immunity, 
which was determined based on the survival rate, body weight loss, 
and bacterial burden, was mitigated in the Gas6–/– mice compared 
with mice preexposed to RSV upon pneumococcal infection (Fig-
ure 1, F–H). The restored antibacterial immunity in the Gas6–/– mice 
was correlated with the accumulation of inflammatory cells in the 
peribronchial region and BAL fluid (Figure 1, I and J). The increased 
numbers of inflammatory cells in the Gas6–/– mice promoted the 
production of IFN-γ, NO, TNF-α, CXCL1, and CXCL2 (Figure 1K).

To further confirm the suppressive role of RSV-induced Gas6 
in this mouse model, we administered (i.n.) the recombinant Gas6 
(rGas6) to naive WT mice for 4 days before S. pneumoniae infec-
tion (Figure 2A). This time frame was selected to mimic the pres-
ence of endogenous Gas6 for 4 days before pneumococcal infec-
tion (Figure 1, A and B). Similar to the mice preexposed to RSV, 
rGas6-treated mice exhibited significantly high susceptibility to 
S. pneumoniae infection (Figure 2, B and C). The rGas6-treated 
and RSV-infected groups exhibited high levels of bacterial bur-
dens (Figure 2D). Contrastingly, fewer inflammatory cells were 
recruited into the peribronchial region and BAL fluid after rGas6 
treatment (Figure 2, E and F). Prior Gas6 administration markedly 
reduced the number of neutrophils, whereas the number of mac-
rophages and lymphocytes remained largely intact. The reduction 
in cell numbers was also correlated with low detection of several 
immune mediators in the rGas6-treated mice (Figure 2G). These 
results indicate that Gas6, which is produced upon RSV infection, 
plays a critical role in attenuating antibacterial immunity.

Axl increases the susceptibility to S. pneumoniae infection.  Among 
the 3 TAM receptors (Tyro3, Axl, and Mert), Gas6 binds Axl with 
the highest affinity (26–28). Next, we investigated the role of Axl 
as an immunoregulator in our mouse model. Axl was constitutive-
ly expressed in the lung, especially in the alveolar macrophages. 
The mRNA and protein expression levels of Axl increased upon 

lation were different from the mechanisms previously reported 
to be involved in the anti-RSV and antifungal immune responses. 
Gas6/Axl converted the resident alveolar macrophage from an 
antibacterial phenotype to an M2-like phenotype that did not 
exhibit antibacterial activity. This phenotypic change inhibits 
the downstream effector cascades from clearing the bacterial 
burden. These findings provide potentially novel mechanistic 
insights for developing therapeutic strategies for RSV-associated 
secondary bacterial infections.

Results
Gas6 increases the susceptibility to S. pneumoniae infection. We 
infected the C57BL/6 mice with the RSV A2 strain by i.n. injec-
tion. The replication of RSV was observed in the bronchoalveolar 
lavage (BAL) fluid. However, RSV infection did not increase the 
number of exfoliated epithelial cells on day 8 after RSV infection 
(Supplemental Figure 1, A and B; supplemental material available 
online with this article; https://doi.org/10.1172/JCI125505DS1). 
RSV infection induced Gas6 protein expression in the BAL fluid 
by day 4 and maintained the expression levels until day 12 (Figure 
1A). Immunohistochemical analysis of the lung sections revealed 
the expression of Gas6 protein in the alveolar epithelial cells by 
day 4. Additionally, the expression of Gas6 was detected in the 
alveolar macrophages at days 8 to 12 (Figure 1B). The expression 
of Gas6 in the isolated alveolar macrophages, especially those iso-
lated after day 8, was confirmed in vitro (Figure 1C). To evaluate 
the effect of Gas6 on the RSV-mediated attenuation of bacterial 
clearance, we first developed a mouse model. In this model, the 
mice preexposed to RSV exhibited attenuated clearance of subse-
quent pneumococcal infection. The mice were injected (i.n.) with 
S. pneumoniae at day 8 after RSV infection. The mice were eutha-
nized at days 1 and 6 after S. pneumoniae infection (Supplemental 
Figure 2A). In this model, the initial RSV infection exacerbated the 
morbidity and mortality of subsequent infection by S. pneumoni-
ae (Supplemental Figure 2, B and C), which mimicked the clinical 

Figure 1. RSV-induced Gas6 enhances susceptibility to S. pneumoniae. 
(A) Gas6 levels in the BAL fluid from an RSV-infected lung of a WT mouse. 
(B) Immunohistochemical analysis (DAB) of Gas6 in the tissue sections 
from a naive (D0) and RSV-infected lung. Blue arrows indicate Gas6+ 
macrophages and green arrows indicate Gas6+ epithelial cells. Scale bar: 
200 μm. (C) Gas6 levels in the culture supernatant of alveolar macrophages 
isolated from naive and RSV-infected mice on days 4, 8, and 12 after infec-
tion. (D) WT and Gas6–/– mice were infected with S. pneumoniae at day 8 
after RSV infection and euthanized on days 1, 2, 3, and 6 after S pneumo-
niae infection. (E) Titers of RSV in the whole lung from RSV-infected mice 
on days 4 and 8 after RSV infection. (F) Changes in the survival rate and 
(G) body weight of RSV-infected WT or Gas6–/– mice after S. pneumoniae 
infection. (H) Titers of S. pneumoniae in the BAL fluid from RSV-infected 
mice on days 1 and 3 after S. pneumoniae infection. (I) Representative 
H&E-stained lung tissue sections on day 1 after S. pneumoniae infection. 
Scale bars: 200 μm (upper), 50 μm (lower). (J) Number of neutrophils, 
macrophages, and lymphocytes in the BAL fluid on day 1 after S. pneumo-
niae infection. (K) The levels of IFN-γ, NO, TNF-α, IL-1β, CXCL1, and CXCL2 
in the BAL fluid from WT and Gas6–/– mice on day 1 after S. pneumoniae 
infection. The data are expressed as mean ± SEM; n = 10 (F and G), n = 4–6 
(except for F and G). Representative results from 2 independent experi-
ments are shown. The following statistical tests were used: 1-way ANOVA 
(A, C, H, J, and K), 2-tailed Student’s t test (E), and Gehan-Breslow-Wilcox-
on test (F). *P < 0.05; **P < 0.01; ***P < 0.001.
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whereas the Mo-AMs exhibited downregulated Axl expression 
(Figure 3D). The flow cytometric analysis revealed that the num-
ber of Axl-expressing TR-AMs was significantly higher than the 
number of Axl-expressing Mo-AMs, interstitial macrophages, 
DCs, and neutrophils in the lung, especially on day 8 after RSV 
infection (Figure 3E and Supplemental Figure 3A).

To evaluate the role of Axl in bacterial immunity after RSV 
infection, the responses of Axl–/– mice were compared with WT 

RSV infection (Figure 3, A–C), which concurred with the results of 
our previous study (16). Additionally, we observed that there were 
2 populations of alveolar macrophages that exhibited differential 
expression of Siglec-F (Figure 3D). The alveolar macrophages that 
exhibited high Siglec-F expression were tissue-resident alveolar 
macrophages (TR-AMs), whereas those exhibiting low Siglec-F 
expression were monocyte-derived macrophages (Mo-AMs) (29). 
Interestingly, the TR-AMs exhibited upregulated Axl expression, 

Figure 2. Exogenous Gas6 increases susceptibility to S. pneumoniae infection following RSV infection. (A) Mice were infected with RSV or treated with 
recombinant Gas6 (rGas6; 1 μg/dose, 3 doses) before S. pneumoniae infection on day 8 after RSV infection. Animals were euthanized for analysis on days 
1, 2, and 3 after S. pneumoniae infection. (B) Changes in the survival rate and (C) body weight after S. pneumoniae infection. (D) Titers of S. pneumoniae 
in the BAL fluid from RSV-infected or rGas6-injected mice on days 1 and 3 after S. pneumoniae infection. (E) Representative H&E-stained lung tissue 
sections on day 1 after S. pneumoniae infection. Scale bars: 200 μm (upper), 50 μm (lower). (F) Numbers of inflammatory cells in the BAL fluid from both 
treatment groups on day 1 after S. pneumoniae infection. (G) The levels of IFN-γ, NO, TNF-α, IL-1β, CXCL1, and CXCL2 in the BAL fluid from both treatment 
groups on day 1 after S. pneumoniae infection. The data are expressed as the mean ± SEM; n = 10 (B and C), n = 4–6 (except for B and C). Representative 
results from 2 independent experiments are shown. The following statistical tests were used: Gehan-Breslow-Wilcoxon test (B), 1-way ANOVA (C, D, F, and 
G). *P < 0.05; **P < 0.01; ***P < 0.001.
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duction (Supplemental Figure 5, A–G). These results suggest that 
Gas6 produced by the macrophages and epithelial cells engages 
Axl on the alveolar macrophages, which triggers the exacerbation 
of pneumococcal infection.

Alveolar macrophages are required for pneumococcal protection. 
Protection against pneumococcal infection is mediated by sever-
al effector cells, including alveolar macrophages (31). Our results 
demonstrated that the resident alveolar macrophages are involved 
in the secondary pneumococcal infection after RSV infection. To 
confirm the protective role of alveolar macrophages in our pneu-
mococcal infection model, the alveolar macrophages were deplet-
ed by clodronate liposome treatment for 2 days before pneumo-
coccal infection (Figure 6A). Administration (i.n.) of clodronate 
liposome preferentially depleted the alveolar macrophages, but 
not the interstitial macrophages or DCs (Figure 6B and Supple-
mental Figure 6). Importantly, the depletion of alveolar macro-
phages exacerbated the pneumococcal disease, which was evalu-
ated based on reduced survival rate, severe body weight loss, and 
increased bacterial burden (Figure 6, C–E). The alveolar macro-
phage–depleted mice exhibited decreased peribronchial accu-
mulation of inflammatory cells and production of inflammatory 
cytokines in the BAL fluid (Figure 6, F–H). This suggested that the 
alveolar macrophage is a key initiator of inflammatory responses 
against the pneumococcal bacterial infection.

RSV-triggered Gas6/Axl axis polarizes alveolar macrophage phe-
notype. Because the resident alveolar macrophages were demon-
strated to be “conductor” cells in our model, the phenotype of 
alveolar macrophages was investigated after RSV infection. The 
alveolar macrophages from naive mice exhibited antibacterial 
activity against S. pneumoniae in vitro (Figure 7, A and B). How-
ever, the macrophages generated on day 8 after RSV infection 
exhibited low antibacterial activity. The macrophage phenotype 
exhibited marked polarization during the 8 days after RSV infec-
tion (Figure 7, C and D). At the time of RSV infection, the resident 
alveolar macrophages exhibited a typical M0 phenotype lacking 
the M1 markers (inducible NO synthase gene, Nos2) and M2 mark-
ers (genes encoding arginase-1, Arg1, and found in inflammatory 
zone; Fizz1, and CD206). However, these macrophages acquired 
the M2 phenotype at day 8 after RSV infection. Based on these 
results, the resident macrophages and macrophages isolated on 
day 8 after RSV infection were designated as M0-like and M2-like 
macrophages, respectively. Importantly, M0-like to M2-like polar-
ization was suppressed in the Gas6–/– mice, which indicated that 
this process is dependent on Gas6 expression. Contrastingly, the 
phenotypic transition of macrophages is also mediated by the Th2 
cytokines during RSV infection (32). In the lung, the expression of 
IL-13, which is one of the inducers of M2-like macrophages, was 
detected from days 4 to 12 after RSV infection (Figure 7E).

To examine the role of macrophage phenotypic conversion by 
the RSV-induced Gas6/Axl axis in macrophage-mediated antibac-
terial immunity, the RSV-infected mice were intratracheally (i.t.) 
administered alveolar macrophages isolated at day 0 (M0-like) or 
day 8 (M2-like) after RSV infection (Figure 8, A and B). The anti-
bacterial immunity, which was evaluated based on the survival 
rates, body weight loss, and bacterial numbers in the BAL fluid of 
mice receiving the M2-like macrophages was not affected, where-
as that of mice receiving the M0-like macrophages was restored  

mice in our model. The RSV-mediated suppression of antibacte-
rial immunity in the Axl–/– mice, which was evaluated based on the 
survival rate, body weight loss, and bacterial burden, was mitigat-
ed compared with WT mice preexposed to RSV (Figure 3, F–H). 
The restored protection was correlated with the accumulation of 
inflammatory cells in the peribronchial region and BAL fluid of 
Axl–/– mice (Figure 3, I and J). The increased numbers of inflamma-
tory cells in the Axl–/– mice promoted the production of IFN-γ, NO, 
TNF-α, CXCL1, and CXCL2 (Figure 3K). These results suggest 
that the Gas6/Axl axis in the alveolar macrophages, especially 
resident alveolar macrophages, is involved in severe pneumococ-
cal infection after RSV infection. Furthermore, these results were 
consistent with those obtained using the Gas6–/– mice.

Axl inhibition mitigates the RSV-mediated immune suppression 
against pneumococcal infection. The above findings also suggest 
that the Gas6/Axl axis may be a drug target for preventing exag-
gerated bacterial infection. This hypothesis was tested using the 
anti-Axl blocking mAb and an Axl-specific small molecule inhibi-
tor, BGB324 (also known as R428). We initially assessed the effect 
of i.p. administration of anti-Axl blocking mAb into the RSV-infect-
ed WT mice. The mice were treated with the anti-Axl mAb from 
days 0 to 6 at 2-day intervals before the S. pneumoniae infection 
at day 0 (Figure 4A). Despite the prior RSV infection, the anti-Axl 
mAb-treated mice showed a protective ability against pneumo-
coccal infection compared with mice without prior RSV infection 
(Figure 4, B and C). The improved antibacterial immunity in the 
anti-Axl mAb-treated mice was also reflected in the reduction of 
bacterial burdens (Figure 4D) and the improvement of airway 
inflammation, including neutrophil infiltration (Figure 4, E and 
F). Finally, anti-Axl mAb treatment restored the levels of IFN-γ 
to levels observed in control IgG-treated mice preexposed to RSV 
(Figure 4G). These results suggest that the Gas6/Axl axis is crucial 
for the RSV-induced suppression of anti-pneumococcal immunity.

BGB324 specifically inhibits the catalytic and procancerous 
activities of Axl, but does not affect the binding between Gas6 
and Axl (30). The results of Axl activity inhibition by BGB324 
treatment concurred with the findings of anti-Axl mAb treatment 
(Supplemental Figure 4, A–G). The inhibition of Axl restored the 
protective immunity to pneumococcal infection. Thus, the Gas6/
Axl axis is a promising drug target for reducing the bacterial bur-
den upon secondary bacterial infection.

Axl on the alveolar macrophages but not on the epithelial cells 
promotes RSV-mediated immune suppression against pneumococcal 
infection. Axl is expressed not only on WT resident alveolar mac-
rophages, but also on the epithelial cells in the lung (Figure 3B and 
Supplemental Figure 3, A–C). To identify the cells that are respon-
sible for severe secondary pneumococcal infection, bone marrow 
chimeric mice were constructed (Figure 5A). When the WT mice 
were transplanted with the Axl–/– bone marrow cells, the survival 
rate, body weight loss, bacterial clearance, neutrophil infiltration, 
and IFN-γ production were significantly restored to the control 
levels even in the group exposed to secondary bacterial infection 
(Figure 5, B–G). However, this recovery was not observed in the 
Axl–/– mice transplanted with bone marrow from WT mice. Intrigu-
ingly, transplanting the bone marrow from Gas6–/– mice into the 
WT mice partially restored the survival rate, body weight loss, 
bacterial clearance, the number of neutrophils, and IFN-γ pro-

https://www.jci.org
https://www.jci.org
https://www.jci.org/130/6
https://www.jci.org/articles/view/125505#sd
https://www.jci.org/articles/view/125505#sd
https://www.jci.org/articles/view/125505#sd
https://www.jci.org/articles/view/125505#sd
https://www.jci.org/articles/view/125505#sd


The Journal of Clinical Investigation   R E S E A R C H  A R T I C L E

3 0 2 6 jci.org   Volume 130   Number 6   June 2020

https://www.jci.org
https://www.jci.org
https://www.jci.org/130/6


The Journal of Clinical Investigation   R E S E A R C H  A R T I C L E

3 0 2 7jci.org   Volume 130   Number 6   June 2020

(Figure 8, C–F). The administration (i.t.) of M0-like macrophages 
enhanced neutrophil infiltration into the peribronchial regions 
and local production of IFN-γ (Figure 8G). These results suggested 
that the RSV-initiated phenotypic conversion of M0-like macro-
phages during secondary pneumococcal infection is the primary 
cause of severe bacterial infection.

RSV-polarized macrophages exhibited low IL-18 production upon 
secondary bacterial infection. An important potential function of 
the resident alveolar macrophages during bacterial infection is 
the production of proinflammatory cytokines, such as IL-18 that 
is not produced after M2 polarization (33). The inhibition of the 
Gas6/Axl axis by Gas6 and Axl deficiency or the addition of anti-
Axl blocking mAb or Axl inhibitor restored IL-18 production upon 
secondary pneumococcal infection (Figure 9A). Similarly, the sup-
plementation of exogenous rGas6 suppressed IL-18 production. 
The depletion of nonpolarized resident alveolar macrophages 
reduced IL-18 production, which indicated that the resident alveo-
lar macrophages have a critical role in IL-18 production upon bac-
terial infection. Finally, the inhibition of IL-18 by blocking mAb 
decreased and supplementation of exogenous rIL-18 enhanced 
cytokine (IFN-γ and TNF-α) and NO production at the local sites 
(Figure 9, B and C). Thus, these data indicated that IL-18 is a reg-
ulator of downstream cytokines in this mouse model, which was 
also observed in other models.

To further explore the mechanism underlying the inhibition of 
IL-18 production in the RSV-polarized macrophages during bacte-
rial infection, we isolated the M2-like macrophages and stimulated 
them with S. pneumoniae for 3 hours (Figure 9D). The isolated alve-
olar macrophages could produce IL-18 upon bacterial stimulation, 
which was inhibited when the cells were polarized by preexposure 
to RSV. This process was dependent on Gas6. Combined with the 
macrophage depletion studies, these data reveal that the alveo-
lar macrophages are an important cellular source of IL-18 during 
pneumococcal infection. Furthermore, the results suggest that the 
RSV-driven polarization of alveolar macrophages is the key event 
for attenuating antibacterial immunity. Consistent with the pre-

vious data (Figure 9, A and B), the polarization was dependent on 
Gas6 expression in that Gas6 deficiency restored IL-18 production 
from alveolar macrophages (Figure 9E). To elucidate the molecu-
lar mechanisms underlying the bacterium-induced IL-18 produc-
tion by macrophage polarization, we examined the caspase-1 and 
NF-κB pathways, which are both required for IL-18 production. As 
shown in Figure 9F, the alveolar macrophages from the mice pre-
exposed to RSV exhibited decreased p10 expression and enhanced 
IκB expression upon bacterial stimulation. This indicated that the 
activation of both caspase-1 and NF-κB pathways were compro-
mised with prior RSV conditioning of alveolar macrophages.

RSV-mediated immune regulation leads to impaired IFN-γ pro-
duction from NK cells. An important function of IL-18 is to stim-
ulate IFN-γ, which plays an important role in protection against 
intracellular bacteria by regulating the production of various 
effector molecules, such as NO and TNF-α (34, 35). To further 
dissect the downstream cascade of IL-18, we examined IFN-γ pro-
duction after bacterial infection with or without preexposure to 
RSV. We identified that NK cells were the primary IFN-γ produc-
ers after bacterial infection. Notably, IFN-γ production was mark-
edly inhibited by preexposure to RSV. However, the suppression 
was mitigated upon treatment with the anti-Axl blocking mAb 
(Figure 10, A–C). The important contribution of NK cell–derived 
IFN-γ was further confirmed by treating the mice with NK cell–
depleting mAbs before bacterial infection. The depletion of NK 
cells almost completely inhibited the production of IFN-γ in the 
lung after S. pneumoniae infection, which resulted in decreased 
survival rate, body weight, bacterial clearance, and airway 
inflammation (Supplemental Figure 7, A–G). Along with the NK 
cells and macrophages, neutrophils also contribute to bacterial 
clearance (36, 37). The depletion of neutrophils using the anti-
Ly6G mAb significantly reduced the survival rate, body weight, 
bacterial clearance, and airway inflammation. This suggested 
that neutrophils were also essential in our model (Supplemental 
Figure 8, A–F). However, treatment with anti-Ly6G mAb did not 
affect the production of IFN-γ due to the inhibition of neutrophil- 
derived IFN-γ production on day 1 after S. pneumonia infection 
(Supplemental Figure 8, G and H). Furthermore, the depletion of 
neutrophils did not affect the survival rate when compared with 
the group of mice with secondary bacterial infection after RSV 
infection. The RSV-associated activation of Gas6/Axl cascades 
resulted in decreased IFN-γ production in the NK cells, which led 
to secondary pneumococcal infection.

Discussion
In this study, we investigated the molecular basis of the severity 
of secondary pneumococcal infection that follows RSV infection. 
The changes in the epithelium during RSV infection are reported 
to facilitate secondary bacterial infection (12). However, there 
was no marked increase in the number of exfoliated epithelial 
cells on day 8 after RSV infection in the mouse model developed 
in this study (Supplemental Figure 1, A and B). Alternatively, the 
Gas6/Axl axis induced by RSV infection converted the macro-
phages from an antibacterial (resident) to an M2-like pheno-
type that did not exhibit antibacterial activity, with attenuated 
production of macrophage-derived IL-18 and NK cell–derived 
IFN-γ. This was followed by the reduction of NO, TNF-α, and 

Figure 3. Axl is involved in promoting susceptibility to S. pneumoniae 
after RSV infection. (A) Axl levels in whole lung from an RSV-infected WT 
mouse. (B) Immunohistochemical analysis (DAB) of Axl in the lung tissue 
sections from naive (D0) and RSV-infected mice. Blue arrows indicate 
Axl+ macrophages. Scale bar: 200 μm. (C) Axl expression in the alveolar 
macrophages isolated from naive and RSV-infected mice on days 4, 8, 
and 12 after infection. (D) Axl expression in the tissue-resident alveolar 
macrophages (TR-AM) and monocyte-derived alveolar macrophages 
(Mo-AM) from naive and RSV-infected mice at day 8 after RSV infection. 
(E) Temporal changes in the number of Axl+ cells after RSV infection. (F) 
Changes in the survival rate and (G) body weight of RSV-infected WT or 
Axl–/– mice after S. pneumoniae infection. (H) Titers of S. pneumoniae in 
the BAL fluid from RSV-infected mice on days 1 and 3 after S. pneumoniae 
infection. (I) Representative H&E-stained lung tissue sections on day 1 
after S. pneumoniae infection. Scale bars: 200 μm (upper), 50 μm (lower). 
(J) The number of neutrophils, macrophages, and lymphocytes in the BAL 
fluid on day 1 after S. pneumoniae infection. (K) The levels of IFN-γ, NO, 
TNF-α, IL-1β, CXCL1, and CXCL2 in the BAL fluid from WT and Axl–/– mice 
on day 1 after S. pneumoniae infection. The data are expressed as mean ± 
SEM; n = 10 (F and G), n = 4–5 (except for F and G). Representative results 
from 2 independent experiments are shown. The following statistical tests 
were used: One-way ANOVA (A, E, G, H, J, and K) and Gehan-Breslow- 
Wilcoxon test (F). *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001.
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detected in the alveolar epithelial cells on day 4 after infection. 
Subsequently, the macrophages exhibited enhanced Gas6 pro-
duction by day 8 after infection. The kinetics of Gas6 production 
suggested that macrophage polarization is triggered by epithelial 
cell–derived Gas6 during the early phase. From days 4 to 8, the 
macrophages are polarized into M2-like macrophages, which also 
produce Gas6 via STAT6 activation (16, 38). During this period, 

IL-1β production and CXCL2-mediated neutrophil infiltration, 
which was associated with increased susceptibility to secondary 
pneumococcal infection (Figure 11).

Our findings demonstrated that Gas6/Axl-induced polar-
ization of resident (M0-like) alveolar macrophages into M2-like 
macrophages during RSV infection is a key event to exacerbate 
pneumococcal pneumonia. The expression of Gas6 was initially 

Figure 4. Axl receptor blockade attenuates immune suppression by RSV, resulting in resistance to S. pneumoniae. (A) Schedule of anti-Axl blocking 
mAb (5 μg/dose, 4 doses) treatment for secondary bacterial infection after RSV infection. (B) Changes in the survival rate and (C) body weight of anti-
Axl mAb-treated or control (IgG-treated) mice infected with S. pneumoniae and/or RSV. (D) S. pneumoniae loads in BAL fluid from IgG- and anti-Axl 
mAb-treated mice infected with S. pneumoniae and/or RSV on day 1 after S. pneumoniae infection. (E) Representative H&E-stained lung tissue sections 
from mice on day 1 after S. pneumoniae infection. Scale bars: 200 μm (upper), 50 μm (lower). (F) Numbers of inflammatory cells in BAL fluid from each 
treatment group on day 1 after S. pneumoniae infection. (G) IFN-γ levels in BAL fluid from IgG- and anti-Axl mAb-treated mice on day 1 after S. pneumoni-
ae infection. The data are expressed as the mean ± SEM; n = 10 (B and C), n = 4–6 (except for B and C). Representative results from 2 independent experi-
ments are shown. The following statistical tests were used: Gehan-Breslow-Wilcoxon test (A) and 1-way ANOVA (C, D, F, and G). *P < 0.05; ** P < 0.01.
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Figure 5. Axl on the alveolar macrophages increases susceptibility to S. pneumoniae infection after RSV infection. (A) To construct the bone marrow 
chimeric mice, the bone marrow (BM) cells of WT and Axl–/– mice were adaptively transferred to WT and Axl–/– mice. These mice were infected with  
S. pneumoniae at day 8 after RSV infection and monitored until day 6 after S. pneumoniae. (B) Change of survival rate, (C) body weight, and (D) titer of  
S. pneumoniae in the BAL fluid at day 6 after S. pneumoniae infection. (E) Representative H&E-stained lung tissue sections on day 1 after S. pneumoniae 
infection. Scale bars: 200 μm (upper), 50 μm (lower). (F) Number of neutrophils in the BAL fluid on day 1 after S. pneumoniae infection. (G) The levels of 
IFN-γ in the BAL fluid from mice on day 1 after S. pneumoniae infection. The data are expressed as the mean ± SEM; n = 8–10 (B and C), n = 4–6 (except for 
B, C). Representative results from 2 independent experiments are shown. The following statistical tests were used: Gehan-Breslow-Wilcoxon test (B) and 
1-way ANOVA (D, F, and G). *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001.
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The Gas6/Axl axis is required for the polarization of mac-
rophages but is insufficient for the induction of M2-like macro-
phages. The polarization into M2-like macrophages additionally 
requires various Th2 cytokines, such as IL-4 and IL-13 induced by 
RSV infection (32). However, it is unlikely that the Th2 cells are the 
cellular source of these cytokines because previous studies have 
reported that the Th2 cells produced Th2 cytokines in the BAL fluid 

the Gas6/Axl-triggered molecular cascades regulate macrophage 
polarization. Although the Gas6/Axl axis–mediated autophagy 
induction in macrophages ameliorates IL-18 production by inhib-
iting the NLRP3 inflammasome activation (39), further studies are 
needed to elucidate the exact mechanism underlying the regula-
tion of phenotypic conversion of M0-like to M2-like macrophages 
by the Gas6/Axl axis after RSV infection.

Figure 6. RSV infection suppresses the defensive response of alveolar macrophages to S. pneumoniae. (A) Kinetic analysis of clodronate liposome 
(clodronate; 350 μg/dose, 2 doses) treatment for S. pneumoniae infection after RSV infection. (B) The number of interstitial and resident alveolar mac-
rophages and dendritic cells in the lung of control liposome-treated and clodronate liposome–treated naive mice or mice on day 8 after RSV infection. (C) 
Changes in the survival rate and (D) body weight of clodronate-treated or control (liposome)-treated mice infected with S. pneumoniae. (E) S. pneu-
moniae loads in the BAL fluid from clodronate-treated mice infected with S. pneumoniae. (F) Representative H&E-stained lung tissue sections from 
clodronate-treated mice on day 1 after S. pneumoniae infection. Scale bars: 200 μm (upper), 50 μm (lower). (G) Numbers of inflammatory cells in the BAL 
fluid from each treatment group on day 1 after S. pneumoniae infection. (H) The levels of IFN-γ in the BAL fluid from each treatment group on day 1 after  
S. pneumoniae infection. The data are expressed as mean ± SEM; n = 10 (C and D), n = 4–6 (except for C and D). Representative results from 2 indepen-
dent experiments are shown. The following statistical tests were used: 1-way ANOVA (B, E, G, and H) and Gehan-Breslow-Wilcoxon test (C). *P < 0.05;  
**P < 0.01; ****P < 0.0001.
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to be frequently associated with subsequent pneumococcal infec-
tion. The following mechanisms are suggested to account for the 
exacerbated pneumococcal infection: IL-10–mediated suppres-
sion of invariant NKT activation (45), desensitization of TLR sig-
nals (46), type I IFN–mediated inhibition of CXCL1 and CXCL2 
production (47), and virus-induced downregulation of the type A 
scavenger receptor MARCO (48). However, Gas6 expression was 
not detected after H1N1 influenza virus infection when the initial 
influenza virus infection led to increased susceptibility to second-
ary pneumococcus infection in mice (16). Thus, it is highly likely 
that the cascades involved in influenza-associated pneumococcus 
infection are different from those involved in RSV infections. The 
expression levels of Gas6 after infection are largely determined by 
the antigenic properties of individual pathogens. For RSV, G gly-
coprotein is reported to bind CX3CR1 (49), which initiates Gas6 
production (50). Further studies are required for dissecting the 
mechanisms underlying infection-induced Gas6 production and 
immune cell polarization.

In conclusion, we elucidated the cellular and molecular 
mechanisms that mediate increased susceptibility to S. pneumoni-
ae infection after RSV infection in a mouse model. Future stud-
ies using a large number of clinical samples from patients with 
RSV infection are needed to assess whether the results obtained 
in the mouse model can be extrapolated to the clinical samples. 

during the late phase of RSV infection and not in the early phase 
(day 4) (40). The alternative sources of Th2 cytokines include group 
2 innate lymphoid cells (ILC2) that produce the Th2 cytokines upon 
stimulation with IL-33, which is reported to be produced in the epi-
thelial cells after RSV infection (41, 42). Similarly, we also observed 
the suppressive effects of Gas6 on IFN-γ production in the early 
phase of RSV infection (16). Therefore, Gas6-mediated M2-like 
polarization may be regulated indirectly through the upregulation 
of ILC2-derived Th2 cytokines or suppression of Th1 cytokines. 
However, the possibility that Gas6 directly modulates M0-like to 
M2-like polarization cannot be excluded. Hence, it is crucial to elu-
cidate the mechanism by which Gas6 mediates macrophage polar-
ization during RSV infection on a molecular basis.

The role of Gas6/Axl-mediated regulation in the non-RSV 
pathogen infections must be elucidated. The Gas6 protein is 
upregulated after infection by other pathogens in the murine 
models of fungal asthma and invasive pulmonary aspergillosis. 
In addition to the enhanced expression after RSV infection, Gas6 
and Axl are highly expressed in the immune cells and airway epi-
thelial cells after fungal infection (17, 25, 43). However, there are 
limited clinical studies linking enhanced Gas6 and Axl expression 
with fungal and bacterial infections (44). The initial fungal infec-
tion may regulate antibacterial immunity through a similar Gas6/
Axl-mediated pathway. The initial influenza infection is reported 

Figure 7. Gas6/Axl axis polarizes alveolar macrophages (M0-like) into M2-like phenotype that does not exhibit antibacterial activity. (A) Kinetic change 
of phenotype and antibacterial function of alveolar macrophages generated from naive mice and mice on days 4 and 8 after RSV infection. (B) Titers of  
S. pneumoniae after coculture of these alveolar macrophages with S. pneumoniae for 3 and 6 hours. (C) Quantitative real-time PCR analysis of Nos2, Cxcl2, 
Arg1, and Fizz1 in these alveolar macrophages. (D) Expression of CD206 by cells (CD11c+/F4/80+) in the BAL fluid from naive mice and mice on days 4 and 8 
after RSV infection. (E) Temporal changes in the production of Th2 cytokines and phenotype of macrophages after RSV infection. The data are expressed 
as mean ± SEM; n = 3–5 (B–D), n = 5 (E). Representative results from 2 independent experiments are shown. The following statistical tests were used: 
1-way ANOVA (B and C). *P < 0.05, **P < 0.01, ***P < 0.001.
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the Axl inhibitor for restoring antibacterial immunity attenuated 
by prior RSV infection.

Methods
Mice. The male mice were maintained in a specific pathogen–free facil-
ity at the National Institute of Infectious Diseases (NIID, Tokyo, Japan). 

Our study also identified the Gas6/Axl axis as a potentially novel 
therapeutic target for preventing severe secondary S. pneumoniae 
infection. However, it should be noted that manipulation of the 
Gas6/Axl axis may increase the risk of excessive inflammation 
due to the production of antibacterial mediators. It is important to 
evaluate the therapeutic effect and the associated side effects of 

Figure 8. Transfer of resident alveolar macrophages protected the mice against secondary bacterial infection. (A) Kinetic schedule of resident (M0-like) 
and M2-like macrophage (1 × 105 cells) transfer via intratracheal (i.t.) injection during secondary bacterial infection after RSV infection. (B) Changes in the 
survival rate, (C) body weight, and (D) S. pneumoniae loads in the BAL fluid of mice infected with S. pneumoniae after RSV infection and after injection 
with M0-like and M2-like macrophages. (E) Representative H&E-stained lung tissue sections from M0-like and M2-like macrophage–transferred mice on 
day 1 after S. pneumoniae infection. Scale bars: 200 μm (upper), 50 μm (lower). (F) Numbers of inflammatory cells in the BAL fluid from each treatment 
group on day 1 after S. pneumoniae infection. (G) The levels of IFN-γ in the BAL fluid from each treatment group on day 1 after S. pneumoniae infection. 
The data are expressed as mean ± SEM; n = 10 (B, C), n = 5–6 (except for B and C). Representative results from 2 independent experiments are shown. The 
following statistical tests were used: Gehan-Breslow-Wilcoxon test (B) and 1-way ANOVA (C, D, F, and G). *P < 0.05; **P < 0.01.
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Mouse model of secondary bacterial infection after RSV infection. The 
RSV A2 strain was originally provided by Stokes Peeble (Vanderbilt 
University, Nashville, Tennessee, USA) and propagated in the cultured 
HEp-2 cells (American Type Culture Collection). The S. pneumoniae D39 
strain was provided by Shigeki Nakamura at NIID and was maintained 
on 10% (vol/vol) sheep blood agar plates (BD Biosciences) overnight at 
37°C and cultured in 10 mL of trypticase soy broth for approximately 4 

The C57BL/6J (WT) mice (6 weeks old) were obtained from Japan SLC, 
Inc. The Gas6–/– mice were a gift from Russell Taichman (University of 
Michigan, Ann Arbor, Michigan, USA). The Axl–/– mice were a gift from 
Carla Rothlin (Yale University, New Haven, Connecticut, USA). All 
Gas6–/– and Axl–/– mice used in this study were backcrossed to C57BL/6J 
background for 10 or more generations. These mice were subsequently 
bred and maintained in a specific pathogen–free colony at NIID.

Figure 9. Gas6/Axl axis suppresses IL-18 production from macrophages by suppressing the activation of caspase-1 and NF-κB. (A) The levels of IL-18 
in the BAL fluid on day 1 after S. pneumoniae infection after RSV infection in various treatment groups (WT vs. Gas6–/–; WT vs. Axl–/–; IgG vs. Axl mAb 
treatment; hydroxypropyl methylcellulose vs. BGB324 treatment; PBS vs. rGas6 treatment; and control liposome vs. clodronate liposome treatment). The 
levels of IFN-γ, NO, and TNF-α in the BAL fluid from each group at day 1 after S. pneumoniae infection in the anti–IL-18 mAb-treated (B) and recombinant 
IL-18–treated (C) mice infected with S. pneumoniae and/or RSV. (D and E) IL-18 production in the alveolar macrophages isolated from WT and Gas6–/– mice 
on day 8 after RSV infection and stimulated with S. pneumoniae for 1 hour. (F) Activation of caspase-1 and degradation of IκB in the alveolar macrophages 
isolated from WT and Gas6–/– mice on day 8 after RSV infection and stimulated with S. pneumoniae for 3 hours (left panel). The ratios of cleaved caspase-1 
(p10) and the IκB to GAPDH ratio are shown (right panel). The data are expressed as mean ± SEM; n = 4–6 (A and B), n = 2–3 (E and F). Representative 
results from 2 independent experiments are shown. The following statistical tests were used: 2-tailed Student’s t-test (A, for WT vs. Gas6–/–; WT vs. Axl–/–; 
IgG vs. Axl mAb treatment; hydroxypropyl methylcellulose vs. BGB324 treatment), and 1-way ANOVA (A, for PBS vs. rGas6 treatment; and control liposome 
vs. clodronate liposome treatment, B, C, and E). *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001.
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Generation of bone marrow chimera in mice. For generation of bone 
marrow chimeric mice, the recipient WT and Axl–/– mice or Gas6–/– 
mice (5 weeks old) were lethally irradiated with 8.5 Gy of gamma ray 
before transplantation with bone marrow cells (5 × 106) from 5-week-
old donor male WT and Axl–/– or Gas6–/– mice via tail vein injection. 
After a 4-week recovery period, the mice were infected with RSV fol-
lowed by S. pneumoniae infection.

Clodronate liposome treatment of mice after RSV infection before sec-
ondary bacterial infection. To deplete the alveolar macrophages, 30 μL 
of clodronate liposome (350 μg; FormuMax Scientific Inc.) or 30 μL of 
control liposome suspension (FormuMax Scientific Inc.) was admin-
istered (i.n.) to mice on days 6 and 7 after RSV infection. These mice 
were infected with S. pneumoniae on day 8 after RSV infection.

Adoptive macrophage transfer. The M0-like and M2-like macro-
phages were obtained from naive and RSV-infected mice on day 8 
after RSV infection, respectively, by BAL. Next, 1 × 105 macrophages 
were adoptively transferred by injection (i.t.) into the RSV-infected 
mice. The mice were infected with S. pneumoniae at 3 hours after mac-
rophage transfer.

BAL fluid collection and preparation of alveolar macrophages. The 
BAL fluid was collected from the naive and RSV-infected and/or S. 
pneumoniae–infected mice using a tracheal cannula with instillation of 
1 mL of PBS. To obtain the macrophages from the BAL fluid, the cells 
(4 × 105 cells/well) were incubated in a 48-well plate for 1 hour at 37°C. 
The nonadherent cells were removed and washed 3 times with warm 
PBS. The resultant adherent cells included 96.4% ± 2.4% of macro-
phages, which were analyzed by H&E staining.

Detection of Gas6 production by the M0-like and M2-like alveolar 
macrophages ex vivo. The alveolar macrophages obtained from naive 

hours at 37°C (until mid-log phase; OD620nm = 0.4). As shown in Supple-
mental Figure 2A, the C57BL/6J mice were injected (i.n.) with RSV (106 
PFU). Eight days later, the mice were administered (i.n.) S. pneumoniae  
(5 × 107 CFU/mouse). On days 1, 2, 3, and 6 after S. pneumoniae infection, 
the mice were anesthetized with isoflurane, and the whole-lung lobes 
from mice were dissected and snap-frozen for protein, cellular, and tran-
script analyses or fixed in 10% formalin for histological analysis.

In vivo treatment with recombinant proteins, antibodies, or inhibitor. 
In the mouse model of secondary bacterial infection after RSV infec-
tion, the animals were treated with several agents. For treatment 1, 
starting on day 4 after RSV infection, the mice received only PBS or 
rGas6 (mouse protein; 3 doses; 1 μg/dose; R&D Systems) every other 
day until S. pneumoniae infection. For treatment 2, mice were injected 
(i.p.) with human IgG1 (control group; 5 μg/dose; Genetech) or anti-
Axl mAb (monoclonal anti–human Axl mAb YW327.6S2; 5 μg/dose; 
Genetech). For treatment 3, the mice were treated with BGB324 (250 
μg/dose; BerGenBio) or hydroxypropyl methylcellulose (Alfa Aesar). 
For treatment 4, the mice were injected (i.p.) with mouse IgG2a (con-
trol group; 300 μg/dose; Bio X Cell) or anti-NK1.1 mAb (monoclonal 
anti–mouse NK1.1 mAb, PK136; 200 μg/dose; Bio X Cell). For treat-
ment 5, the mice were injected (i.p.) with mouse IgG2a (control group; 
200 μg/dose; Bio X Cell) or anti–IL-18 mAb (monoclonal anti–mouse 
NK1.1 mAb; YIGIF74-1G7; 200 μg/dose; Bio X Cell). For treatment 6, 
the mice were injected (i.p.) with PBS (control) or rIL-18 (mouse pro-
tein; 2 doses; 1 μg/dose; Medical & Biological Laboratories Co. LTD) 
every other day until S. pneumoniae infection. For treatment 7, the mice 
were injected (i.p.) with mouse IgG2a (250 μg/dose; Bio X Cell) or 
anti–mouse Ly6G mAb; BP0075-1; 250 μg/dose; Bio X Cell). Detailed 
treatment timings are specified in the respective figures.

Figure 10. RSV infection–induced Gas6/Axl axis suppresses IFN-γ production in NK cells after S. pneumoniae infection. (A) Representative flow cytome-
try analysis of IFN-γ production by NK cells, CD4+ T cells, and CD8+ T cells during secondary bacterial infection after RSV infection in the control IgG-treated 
or anti-Axl mAb-treated mice. (B) Numbers of cells positive for IFN-γ in the lungs of control mice and (C) Axl mAb-treated mice on day 1 after S. pneumoni-
ae infection. The data are expressed as mean ± SEM; n = 4–5. Representative results from 2 independent experiments are shown. The following statistical 
tests were used: One-way ANOVA (B), 2-tailed Student’s t test (C). **P < 0.01; ***P < 0.001.
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Whole-lung immunohistochemical and histological analyses. The 
whole lungs were fully inflated with 10% formalin, dissected, and 
placed in fresh 10% formalin at room temperature for 24 hours. Rou-
tine histological techniques were used to embed the tissue in paraffin. 
The immunohistochemical analysis was performed on 5-μm whole-
lung sections. Briefly, the 5-μm histological sections were dewaxed 
in xylene and rehydrated in graded ethanol series. The specific pro-
teins were detected using the rabbit anti–mouse Gas6 polyclonal Ab 
(Santa Cruz Biotechnology; SC22759, 1:100), rabbit anti–mouse Axl 
polyclonal Ab (LifeSpan BioSciences; LS-B7213, 1:500), and rabbit 
anti–mouse uteroglobin Ab (Bioss Antibodies; bs-1487R, 1:100). Oth-
er tissue sections were incubated with the control IgG isotype Ab. The 
slides were developed using the mouse HRP-(3,3′-diaminobenzidine) 
(DAB) cell- and tissue-staining kit (R&D Systems), following the 
manufacturer’s instructions. Additionally, the tissue sections were 
subjected to H&E staining. The slides were visualized under a light 
microscope (Nikon TE2000), and the images were captured using a 
camera attached to the microscope.

Flow cytometry analysis. The whole-lung samples were obtained 
from all groups of mice on day 8 after RSV challenge and were incu-
bated with collagenase type I (1 mg/mL; Thermo Fisher Scientific) 
and DNAse I (1 μg/mL; Sigma-Aldrich) at 37°C for 45 minutes. The 
whole-lung cell suspensions were then incubated with the anti-CD16/
CD32 (2.4G2, BD Pharmingen; 553142, 1:200) antibodies, followed by 
incubation with the fluorescent dye-mAb conjugates: anti-CD45 (BD 
Pharmingen; 560694, 1:200), anti-CD3 (eBioscience; 17-5892-81, 
1:500), anti-CD4 (BD Pharmingen; 550954, 1:200), anti-CD8 (eBiosci-
ence; 11-0081-82, 1:500), anti-NK1.1 (Abcam; ab210337, 1:200), anti-
CD11b (BD Pharmingen; 562127, 1:500), anti-F4/80 (BD Pharmingen; 
562127, 1:200), anti-CD11c (BD Pharmingen; 553801, 1:500), anti-
CD64 (BD Pharmingen; BioLegend, 139307, 1:200), anti-Siglec-F (BD 
Pharmingen; 562068, 1:200), anti-MHC II (BD Pharmingen; 557000, 
1:333), anti-Ly6G (BioLegend, 141703, 1:160), anti-CD326 (BioLegend, 

and RSV-infected mice were incubated in a 48-well plate for 1 hour at 
37°C. The supernatants were collected to determine the Gas6 levels by 
ELISA. The cells were collected and the levels of Nos2, Tnf, Cxcl2, Arg1, 
and Fizz1 were determined by real-time PCR.

S. pneumoniae colony-forming assay. At the designated time points 
after infection, the BAL fluid was collected with 1 mL of PBS. The CFU 
of S. pneumoniae in the BAL fluid was enumerated by plating the serially 
diluted samples (in PBS) on blood agar and incubated at 37°C for 18 hours.

Determination of cytokine levels. The levels of Gas6, IFN-γ, TNF-α, 
IL-1β, IL-4, IL-5, IL-13, CXCL1, CXCL2, and leukotriene (LTB4) in the 
BAL fluid in vitro and ex vivo were determined using a standardized 
sandwich ELISA (R&D Systems), following the manufacturer’s instruc-
tions. The recombinant murine proteins (R&D Systems) were used to 
generate the standard curves. The ELISA detection limits for the cyto-
kines were as follows: Gas6, greater than 39.1 pg/mL; IFN-γ, 15.6 pg/
mL; TNF-α, 15.6 pg/mL; IL-1β, 7.8 pg/mL; IL-4, 15.6 pg/mL; IL-5, 31.3 
pg/mL; IL-13, 62.5 pg/mL; CXCL1, 15.6 pg/mL; CXCL2, 15.6 pg/mL; 
and LTB4, 10.3 pg/mL. The mouse IL-18 level in the BAL fluid and 
supernatant of alveolar macrophages ex vivo were determined using 
standardized sandwich ELISA (Medical & Biological Laboratories Co. 
LTD), following the manufacturer’s instructions. The ELISA detection 
limit was consistently more than 12.5 pg/mL. The levels of human 
Gas6 and IFN-γ in patient supernatants were determined using the 
Duoset ELISA development kit (R&D Systems), following the manu-
facturer’s instructions. The ELISA detection limits for Gas6 and IFN-γ 
were consistently greater than 15.6 pg/mL and 9.38 pg/mL, respective-
ly. All reactions were stopped by adding 25 μL of 1 M H2SO4. The sam-
ple absorbance was measured at 450 nm using a Model 680 microplate 
reader (Bio-Rad).

NO determination. The concentration of NO was quantified in terms 
of nitrite concentration by the Griess reaction using an assay kit (DOJIN-
DO), following the manufacturer’s instructions. The absorbance at 540 
nm was determined with a Model 680 microplate reader (Bio-Rad).

Figure 11. RSV-induced Gas6/Axl axis enhances susceptibility to bacterial infection. Shortly after RSV infection, the epithelial cells and alveolar mac-
rophages produce Gas6. The Gas6/Axl axis polarizes antibacterial (M0-like) macrophages into nonantibacterial (M2-like) macrophages that inhibit the 
activation of caspase-1/IL-18. The low levels of IL-18/IFN-γ in the macrophages and NK cells result in severe secondary pneumococcal infection.
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The fold difference in the expression levels between WT and Gas6–/– 
mice was calculated using the ΔΔCt method, following the manufactur-
er’s instructions (Applied Biosystems). GAPDH was used as an internal 
control. The fold changes in expression were calculated by comparing 
the target gene expression in the experimental group with that in the 
control mice and macrophages, which was assigned a value of 1.

Statistics. Two-tailed Student’s t test (for 2-group analysis), 1-way 
ANOVA (for multiple-group analysis), and Gehan-Breslow-Wilcoxon 
test (comparisons of survival rates) were used to determine the sta-
tistical significances between the groups. All statistical analyses were 
performed using the GraphPad Prism software (version 7.0). A P value 
less than 0.05 was considered significant.

Study approval. All animal experiments were performed according 
to the guidelines of the Committees on Animal Handling and Ethical 
Regulations of the NIID, Japan. The research protocol was approved 
by the Institutional Animal Care and Use Committee of the Institute.
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118207, 1:200), anti-CD206 (BioLegend, 141703, 1:100), and anti-Axl 
(YW327.6S2; Genetech; conjugated to allophycocyanin using a label-
ing kit for 15 minutes). For intracellular staining of the cytokines, the 
lung cells (106 cells per well) were stimulated with phorbol myristate 
acetate (50 ng/mL) and ionomycin (1 μM) in the presence of Golgi-
Stop (BD Cytofix/Cytoperm kit; BD Biosciences Pharmingen) at 37°C 
for 5 hours. The cells were resuspended in the fixation/permeabiliza-
tion solution (BD Cytofix/Cytoperm kit; BD Pharmingen) and stained 
with the anti–IFN-γ antibody (BioLegend, CA; 17-7041-81, 1:100) for 
30 minutes. The data were acquired using a FACSCanto II machine 
and FACS Diva software 8.0 (BD Pharmingen). All data were analyzed 
using the FlowJo software package (Tree Star).

Western blotting. The lung homogenates and alveolar macrophages 
isolated from RSV-infected mice were cultured with S. pneumoniae 
for 3 hours. The samples were lysed using a lysis buffer. The lysates 
were then resolved by SDS-PAGE. The resolved proteins were trans-
ferred to a PVDF membrane using iBlot (Thermo Fisher Scientific). 
The membrane was then incubated with 5% skimmed milk prepared 
in Tris-buffered saline containing 0.1% Tween-20 at room tempera-
ture for 1 hour. The membrane was incubated with the rabbit anti-IκB 
(Abcam, ab32518, 1:500), anti–caspase-1 (Santa Cruz Biotechnolo-
gy, sc56036, 1:100), or anti-GAPDH (control) antibodies (Abcam, 
ab8245, 1:1000) for 1 hour at room temperature. The membrane was 
washed and incubated with the HRP-conjugated goat anti-rabbit anti-
IgG (Abcam, ab6721, 1:2000) or HRP-conjugated goat anti-mouse 
anti-IgG (Cell Signaling Technology, 7076s, 1:1000) antibodies. Next, 
the membrane was incubated with the ECL Western blotting detec-
tion reagents (Amersham Biosciences) for 1 minute, following the 
manufacturer’s instructions. The protein bands were analyzed using 
ImageQuant LAS-4000 and dark box (FujiFilm). To determine the 
p10 levels and the IκB to GAPDH ratio, the immunoreactive bands 
were quantified using ImageJ software version 1.52a (NIH).

Quantitative PCR analysis. Total RNA was isolated from the whole-
lung tissue or cultured cells using TRIzol reagent (Invitrogen/Life Tech-
nologies). The purified RNA was treated with DNAse I, and 0.2 mg RNA 
was reverse-transcribed into cDNA using TaqMan reverse transcription 
reagents (Applied Biosystems). The transcript levels of Nos2 (iNOS), 
Arg1, Retnla (Fizz1), Gas6, and Rsv-g were determined by real-time PCR. 
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