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Ponatinib Protects Mice From Lethal Influenza Infection by Suppressing Cytokine Storm
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Excessive inflammation associated with the uncontrolled release of pro-inflammatory cytokines is the main cause of death from influenza virus infection. Previous studies have indicated that inhibition of interferon gamma-induced protein 10 (IP-10), interleukin-8 (IL-8), monocyte chemoattractant protein 1 (MCP-1), or their cognate receptors has beneficial effects. Here, by using monocytic U937 cells that capable of secreting the three important cytokines during influenza A virus infection, we measured the inhibitory activities on the production of three cytokines of six anti-inflammatory compounds reported in other models of inflammation. We found that ponatinib had a highly inhibitory effect on the production of all three cytokines. We tested ponatinib in a mouse influenza model to assess its therapeutic effects with different doses and administration times and found that the delayed administration of ponatinib was protective against lethal influenza A virus infection without reducing virus titers. Therefore, we suggest that ponatinib may serve as a new immunomodulator in the treatment of influenza.
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INTRODUCTION

Influenza has attracted extensive attention due to its remarkably high mortality and morbidity with 650,000 deaths worldwide associated with seasonal influenza-caused respiratory diseases (1). Antiviral drugs that inhibit influenza virus replication have been previously approved to treat influenza, but have significant drawbacks, including drug resistance and short therapeutic windows that limit their clinical applications (2, 3). In addition, a major cause of patient death from influenza is acute respiratory distress syndrome, which is caused by excessive inflammation in the lung (4). Therefore, therapies that suppress exaggerated inflammatory responses and immune-mediated pulmonary injury could also be effective at reducing the mortality and morbidity from influenza. Currently, there have been no effective immunomodulatory agents available for treating severe influenza, because classical anti-inflammatory drugs, such as corticosteroids, have been reported to worsen patient outcomes in the clinic. Therefore, novel drugs aiming to suppress the inflammation induced by influenza are urgently needed (5, 6).

Levels of multiple pro-inflammatory cytokines, such as interleukins (ILs), tumor necrosis factor (TNF), interferons (IFNs), and chemokines, in the samples of patients with severe influenza, increased. The robust production of inflammatory cytokines is often called a “cytokine storm” or “cytokine dysregulation” (7). Previous studies have indicated interleukin 6 (IL-6), IL-8, monocyte chemoattractant protein 1 (MCP-1), interferon gamma-induced protein 10 (IP-10), tumor necrosis factor-α (TNF-α), and C-C motif chemokine ligand 5 (CCL-5) are highly expressed in the lung tissues from fatal human cases and animal models (8, 9). Mice with a genetic deletion on the gene of one of these cytokines or their cognate receptors were generated to verify the roles of these cytokines in the observed inflammation and to find suitable therapeutic targets. Only deficiencies in MCP-1 receptor (CCR2) or IP-10 were protective during influenza infection (10, 11). Mice with other cytokine genes knocked out, such as TNF-α, IL-6, or CCL-5 receptor (CCR5), exhibited only modest improvements in morbidity and delays in mortality (12, 13). Meanwhile, a few drugs targeting cytokines have been reported to be protective against influenza. IP-10 antibody and IL-8 receptor (CXCR1/2) antagonist are among those observed to be protective (11, 14). It appears that the inhibition of a single cytokine is insufficient to ameliorate the pathology following influenza virus infection. For example, a multi-cytokine inhibitor, such as the sphingosine-1-phosphate receptor agonist AAL-R, is protective against influenza, suggesting global suppression of inflammatory factors may be a better strategy of treating influenza (15).

Unfortunately, very few multi-cytokine inhibitors have been developed, likely due to the complexity of the cellular signaling pathways involved in cytokine storms. However, inhibitors of many signaling pathways have been developed in recent years, with a great number of compounds being approved for antitumor therapy. Many studies have indicated that multiple signaling pathways involved in tumors are also essential for cytokine production (16). Small molecule inhibitors of inflammation associated signaling pathways have been used for repressing cytokine release in inflammation induced by lipopolysaccharide, bleomycin, etc. While there are limited reports on inhibitors with anti-inflammatory effects on influenza therapy. Based on the previous study showing inhibition of IP-10, MCP-1, and IL-8 or their cognate receptors was beneficial in the treatment of influenza, a monocyte cell line U937 capable of secreting IP-10, MCP-1, and IL-8 during influenza virus infection was used to identify inhibitors against cytokine responses induced by influenza virus infection from six potent compounds, all of which have not been reported in anti-influenza field but were demonstrated to have therapeutic effects in other inflammation models. We found ponatinib has the highest activity to reduce the levels of all three pro-inflammatory cytokines in human U937 cells. Furthermore, the therapeutic effect of ponatinib was confirmed in mouse influenza model. Ponatinib reduced significantly the mortality in mice caused by H1N1 influenza A virus infection accompanied by reduced expressions of multiple cytokines and inflammatory injury in the lungs. Here, we propose ponatinib should be considered for further preclinical development for the treatment of influenza as an immunomodulatory agent.

MATERIALS AND METHODS

Cell Lines, Animals, and Virus Strains

Madin-Darby canine kidney (MDCK) cells (ATCC CCL-34) were cultured in Dulbecco's modified Eagle's medium. Human pulmonary epithelial (A549) cells (ATCC CCL-185) and human monocytic cell line U937 (ATCC CRL-1593.2) were maintained in RPMI-1640 medium. All media was supplemented with 10% fetal bovine serum, 100 U/ml penicillin, and 100 U/ml streptomycin. All these cell types were maintained at 37°C in a 5% CO2 incubator.

Influenza virus strain A/PuertoRico/8/1934 (H1N1) was provided by the virus collection at the Wuhan Institute of Virology of the Chinese Academy of Sciences in China. Virus stocks were prepared using 10-day-old embryonated chicken eggs. The virus titers were measured using hemagglutination and 50% tissue culture infective dose (TCID50) assays in MDCK cells.

BALB/c mice (6–8 week) were purchased from the Beijing Vital River Laboratory Animal Technology Co., Ltd (Charles River laboratories China) and housed under specific pathogen-free conditions. All experiments were conducted according to the protocol approved by the Animal Care and Use Committee of Wuhan Institute of Virology of the Chinese Academy of Sciences (WIVA08201201).

Chemicals

Sorafenib, nilotinib, PP2, BMS-345541, TWS119, and ponatinib were purchased from MedChemExpress Co., Ltd (Shanghai, China). All test compounds were initially dissolved in DMSO.

Cytokine Assay

The concentrations of cytokines were measured by Alphalisa assay. Briefly, 20 μl of acceptor beads and 5 μl of supernatant were added to each well of 384-well OptiPlates, which were then incubated in the dark at room temperature for 1 h. Next, 25 μl of donor beads coated with streptavidin, which captures the biotinylated antibody, was added. After the assay, plates were incubated in the dark at room temperature for 0.5 h, the assay plates were read in AlphaScreen mode on an Envision plate reader (Wallac Envision, PerkinElmer, MA, USA).

Cytotoxicity Assay

Compound toxicity was determined by CellTiter-Glo Assay (Invitrogen). Briefly, after adding 15 μl of CellTiter-Glo reagent, plates were incubated at room temperature for 15 min with shaking. The luminescence intensity was determined by a multi-label plate reader (Wallac Envision, PerkinElmer, MA, USA).

Western Blot Assay

Cells were homogenized in RIPA lysis buffer containing 1% protease inhibitor cocktail (Roche) to extract total protein. Equal amounts of protein homogenates were separated by SDS-PAGE (Bio-Rad) and transferred onto polyvinylidene difluoride membranes (pore size 0.45 μM, Bio-Rad), which were then blotted with monoclonal antibodies against GAPDH (1:1000, ZSGB-BIO), p38, phospho-p38, STAT1, and phospho-STAT1 (1:1000, Cell Signaling Technology). Proteins were detected with corresponding horseradish peroxidase-tagged secondary antibodies and enhanced chemiluminescence Western blot reagents (Advansta) and visualized using an enhanced chemiluminescence system (AlphaEase FluorChem System, Alpha Innotech Corp.).

Animal Experiment

Female BALB/c mice (6–8weeks old) were anesthetized by intraperitoneal injection of sodium pentobarbital (75 mg/kg) and then intranasally infected with the mouse-adapted influenza A/PR8 virus (500 TCID50, dissolved in PBS) in a volume of 20 μl. The mock group was inoculated with virus diluent. Ponatinib dissolved in 25 mM citrate buffer (pH 2.75) in a volume of 200 μl was administered orally. The placebo group was administered orally with drug diluent. Following infection, mice were observed daily for signs of disease, such as lethargy, ruffled hair, and weight loss. Once mice succumbed to infection, their body weight would not be counted. On day 2, 3, 5, and 7 post-infection, the mock and infected mice were sacrificed. The tracheas and lungs were removed and washed three times by injection of 2 ml of PBS containing 0.1% BSA. After centrifugation at 3,000 rpm, the bronchoalveolar lavage fluids (BALFs) was collected. Concentrations of IFN-α and IFN-β were measured by ELISA (PBL Biomedical Laboratories) according to the manufacturer's instructions. Concentrations of IL-1β, IL-2, IL-3, IL-4, IL-5, IL-6, IL-9, IL-10, IL-12(p40), IL-12(p70), IL-13, IL-17A, Eotaxin, G-CSF, GM-CSF, IFN-γ, Keratinocyte Chemoattractant (KC), MCP-1, MIP-1α, MIP-1β, RANTES, and TNF-α were assessed using a Bio-Plex Pro Mouse Cytokine Grp I Panel 23-plex (Bio-Rad) according to the manufacturer's instructions and read on a Bio-Plex MAGPIX System (Bio-Rad). Concentrations of IP-10 were measured by Alphalisa assay (PerkinElmer).

Flow Cytometry

BALF samples were washed with FACS buffer (10% BSA in PBS). Red blood cells were lysed using ammonium chloride and 10 cells/well were seeded into a 96-well U-bottom plate. Cells were pre-incubated with anti-FcgRIII/II (Fc block) in FACS buffer before a 30-min incubation with the following fluorochrome-labeled antibodies (Biolegend): PE-Cy7-conjugated Ly6C (clone HK1.4, dilution 1:200), PE-conjugated CD11b (clone M1/70, dilution 1:200), APC-conjugated Ly6G (clone 1A8, dilution 1:200), and FITC-conjugated CD11c (clone N418, dilution 1:100). Cells were washed with phosphate-buffered saline twice and counterstained with 7AAD (Biolegend) to differentiate apoptotic and dead cells and then analyzed using a LSR Fortessa (Becton Dickinson).

Histology

Whole lungs were perfused with 10% neutral buffered formaldehyde in situ. Tissues were then fixed overnight in 10% neutral buffered formaldehyde, embedded in paraffin, and sectioned. Lung specimens were stained with hematoxylin and eosin and then subjected to gross and microscopic pathologic analysis.

Preparation of Murine Precision-Cut Lung Slices (PCLS)

PCLS were prepared using a modification of a protocol that has been previously reported (17). After anesthetization by intraperitoneal injection of sodium pentobarbital (75 mg/kg), the mouse was bled through the abdominal aorta. Then, the trachea was exposed, dissected from surrounding tissues and was cannulated with an 18-gauge needle. Through the cannula, the lung was inflated with 1.3 ml of 2% low-melting agarose (BIO-RAD) dissolved in Hank's buffered saline solution (HBSS) solution. The whole lung was cooled with ice for 10 min to solidify the agarose. Then, the lung was taken from the thoracic cavity and placed in the slice culture medium (Dulbecco's Modified Eagle Medium: Nutrient Mixture F-12, DMEM/F-12, GIBCO) at 4°C for an additional 15 min to completely solidify the agarose. The culture medium was supplemented with 100 units/ml of penicillin, 100 μg/ml streptomycin, and 250 ng/ml of amphotericin to avoid contamination. The lung lobe was afterward dissected and cut to create a flat surface at the end of the primary bronchus. Another flat surface was cut ~0.8 cm from the first surface. The cube was maintained in the pre-chilled slice culture medium prior to or during the slicing. The cube was cut into slices of desired thickness using a vibratome slicer (Leica, VT1200S). Each mouse lung cube generated at least 250 μm slices. The slices were then transferred into a 48-well cell culture plate and covered with 250 μl of slice culture medium in each well. The medium was changed every hour at least three times before virus infection to remove cell debris.

Statistical Analyses

The concentrations required to inhibit cytokine production by 50% (EC50), reduce cell viability by 50% (CC50) and selective indices (SIs, which is equal to CC50/EC50) of compounds were calculated using Prism v.5 software (GraphPad Software, San Diego, CA). Data were presented as mean ± SD for each point. Differences between averages between control samples and tests were statistically analyzed using Student's t-test, p-values <0.05 were considered statistically significant. For body weight studies, two-way repeated measures ANOVA with post-hoc Bonferroni t-test was performed. Survival of mice was compared using the Log-Rank (Mantel-Cox) test.

RESULTS

Ponatinib Was Identified to Inhibit the Production of Three Important Cytokines Associated With Influenza-Induced Cytokine Storm

To study whether inhibitors of cytokines and chemokines that contribute to influenza-induced inflammation are effective to reduce the inflammatory response in influenza virus-infected cells, six small-molecule inhibitors were selected to evaluate their inhibitory activity in human U937 cells infected with influenza virus. Among these inhibitors, BMS-345541 can suppress 17 cytokines (such as IL-6, IL-8, IP-10) secretion in human fetal lung fibroblasts infected by human parainfluenza viruses (PIV) (18). PP2 can reduce macrophage inflammatory protein-2 (MIP-2), MCP-1, MIP-1α, and CCL-5 levels in the inflammation model of acute-pancreatitis-like changes (19). TWS119 can inhibit MCP-1 production induced by TNF-α in spinal astrocytes (20). Sorafenib, nilotinib, and ponatinib were reported to reduce chemotherapeutic drugs induced IL-1β, IL-6, and the chemokine (C-X-C motif) ligand 1 (CXCL1) in bone marrow-derived macrophages (21). Nilotinib was also reported to reduce IL-6, IL-1β, and TNF-α levels in mice of bleomycin-induced acute lung injury model (22). As shown in Figure 1, among the 6 inhibitors tested, only ponatinib showed significant inhibitory effects on the production of all three cytokines, with SIs of 46.3, 46.3, and 34.8 for IL-8, IP-10, and MCP-1, respectively. PP2, nilotinib, and sorafenib were found to have high inhibitory effects on single cytokine production. PP2 inhibited IP-10 production with an SI of 12.2, while sorafenib and nilotinib inhibited IL-8 production with SIs of 29.6 and 13.5, respectively. The rest of the inhibitors did not show any inhibitory activity (SI < 10). Overall, ponatinib was identified to have inhibitory activity on the production of IL-8, IP-10, and MCP-1 in U937 cells infected by H1N1 influenza virus PR8 strain (Figure 1, Table 1).
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FIGURE 1. Ponatinib was identified to inhibit the production of three important cytokines associated with influenza-induced cytokine storm. U937 cells were infected with influenza A virus A/PuertoRico/8/1934 (MOI = 0.1) in the presence or absence of serially diluted of each compound and incubated at 37°C for 48 h. The supernatants were harvested, and concentrations of IL-8, IP-10, and MCP-1 were measured by AlphaLISA. Cell viability was also determined using Cell Titer-Glo. The kinetic curves of each compound were made using Prism v.5 software (GraphPad Software, San Diego, CA). The values represent the means ± S.D. of duplicate samples from three independent experiments.




Table 1. Selected compounds for anti-inflammatory test.
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Ponatinib Reduces the Mortality in Mice Infected With Lethal Influenza A Virus

Since ponatinib was identified to inhibit the production of three important pro-inflammatory cytokines in human monocyte U937 cells, it was tested for a therapeutic effect on mouse influenza model infected by H1N1 influenza PR8 virus. Twenty-five mg/kg/d of ponatinib was set as the maximal drug dose administered in PR8-infected mice (23). As shown in Figure 2A, the placebo-treated mice started dying from day 9 and by day 11 and 90% of them had succumbed to infection. The mice treated with 15 mg/kg/d of ponatinib showed the highest survivalrate (50%) and had the least decline in body weight during the early stage (days 3 to 5) of influenza A virus infection (Figures 2A,C). The mice treated with 5 mg/kg/d of ponatinib showed lowest survive rate (20%), and the improvement in body weight loss decreased significantly compared to the middle dose group (Figures 2A,D). However, mice in the high dose group (25 mg/kg/d) also showed low survive rate (30%), and improvement of body weight loss was not observed at all (Figures 2A,B). Taken together, the therapeutic effect of ponatinib on mouse influenza model was confirmed, and 15 mg/kg/d was chosen as the optimal dose for further in vivo study.
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FIGURE 2. Ponatinib reduces influenza A virus-induced mortality in mice. BALB/c mice of 6–8 weeks old were infected with 500 TCID50 of influenza A virus (A/PR/8/34) by intranasally. Two hours later, 4 groups of mice (n = 10) were simultaneously treated orally with 25, 15, 5 mg/kg/d of ponatinib, or placebo. Survival rate (A) and body weight loss (B–D) were monitored daily until day 20 post-infection. The data are representative of at least three independent experiments.*p < 0.05; ***p <0.001.



Delayed Administration of Ponatinib Enhances Protection Against Lethal Influenza Virus Infection in Mice

To explore the optimal time to start ponatinib treatment, we performed the in vivo experiments with drug administration started on days 1, 2, 3, or 4 post-infection (Figure 3A). The mice treated with ponatinib starting on days 3 and 4 had higher survival rates than those treated starting on days 1 and 2 (Figure 3B). The body weight loss of the mice slowed down significantly after the delayed administration of ponatinib (Figures 3C–F). Unlike current antivirals that need to be administered early after virus infection, ponatinib works better when administered starting at days 3 and 4 post-infection when mice have developed obvious clinical symptoms, including piloerection, hunched posture, reduced movement, and labored breathing concomitant with a significant decrease in body weight.
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FIGURE 3. Delayed administration of ponatinib enhances protection against lethal infection in mice. (A) Experimental setup for optimization of drug administration timing. Mice were infected as described in Figure 2 but treated with ponatinib (15 mg/kg) starting on days 1, 2, 3, or 4 post-infection until day 6 post-infection. Survival rate (B) and weight loss (C–F) were monitored daily until day 20 post-infection. The data are representative of at least three independent experiments. *p < 0.05; **p < 0.01; ***p <0.001.



Ponatinib Suppresses Neutrophils Infiltration in the Lungs of Mice With Lethal Influenza Virus Infection

To verify the anti-inflammatory activity of ponatinib on the infiltration of inflammatory cells, ponatinib-treated (treatment starting at day 3 post-infection) and placebo-treated mice were euthanized 7 days post-infection to obtain lung tissues for histopathologic examination. In mice treated with the placebo, extensive lung damage, including apoptosis or necrosis of degenerating cells and extensive cellular infiltrates, was observed. There were fewer inflammatory infiltrates observed in the lungs in ponatinib-treated mice than in the lungs of mice treated with placebo (Figure 4A). The cell infiltrates in the BALFs of mice treated with ponatinib or placebo were statistically analyzed for cell numbers and types (Figure 4B). Ponatinib greatly reduced the infiltration of neutrophils, which have been proven to contribute to acute lung injury in influenza pneumonia, while monocyte infiltration was not affected (24).
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FIGURE 4. Ponatinib suppresses neutrophils infiltration in the lungs of mice with lethal infection. Mice were infected as described in Figure 2. Starting with day 3, daily administration of placebo or ponatinib (15 mg/kg) was given orally. (A) Hematoxylin & eosin-stained mouse lung sections (scale bar 200 μm) harvested at day 7 post-infection. (B) BALFs were collected from placebo and ponatinib-treated mice (n = 3 per group at each time point) starting day 3 post-infection to monitor total cell counts (mean ± SEM) on days 5 and 7 post-infection. The data are representative of at least three independent experiments.*p < 0.05; **p < 0.01.



Ponatinib Attenuates Pro-inflammatory Cytokines in the Lungs of Mice With Lethal Influenza Infection

We measured the protein levels of 24 cytokines and chemokines in the BALF samples and found that the concentrations of 17 cytokines and chemokines increased significantly during influenza infection. Of these, expression levels of 14 cytokines and chemokines were attenuated at day 7 post-infection in the ponatinib-treated group (Figure 5A) and there were no differences in expression in the remaining 3 cytokines (data not shown). Production of 8 cytokines and chemokines was reduced in mice upon ponatinib treatment at day 5 post-infection, whereas the concentrations of IL-6, IL-10, MCP-1, Eotaxin, IL-12 (p40), and MIP-1β were not affected (Figure 5A). Type I IFNs were also measured and ponatinib was found to reduce the levels of type I IFNs in both BALF and serum (Figures 5B,C). We determined the virus titers in the BALF samples of mice in the placebo and ponatinib groups and found no difference between these groups at days 5 and 7 post-infection (Figure 5D). In the in vitro antiviral assays performed using U937, A549 cells, and murine PCLS, ponatinib did not inhibit the replication of the PR8 strain of influenza virus (Figure S1). Therefore, ponatinib does not have any antiviral activity during treatment in vitro or in vivo. Taken together, our results suggest the anti-inflammatory activity of ponatinib is the main contributor to its protection of mice from lethal influenza virus infection.
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FIGURE 5. Ponatinib attenuates pro-inflammatory cytokines in the lungs of mice with lethal infection. Mice were infected as described in Figure 2. Starting with day 3, daily administration of placebo or ponatinib (15 mg/kg) was given orally. Inflammatory cytokine/chemokine concentrations in BALF from mice at day 5 and day 7 post-infection (n = 3 per group at each time point) were measured. (A) IL-6, IL-10, IL-12(P40), IL-12(P70), IL-17A, Eotaxin, G-CSF, KC, MCP-1, MIP-1a, MIP-1β, TNF-α, and CCL5 concentrations were quantified by multiplex assay and IP-10 concentrations were measured by AlphaLISA. IFN levels in (B) BALF and (C) serum were measured by ELISA. (D) Viral titers in BALF taken on day 5 and 7 post-infection were measured by TCID50 assay using MDCK cells (n = 3 per group at each time point). The data are representative of two independent experiments.*p < 0.05; **p < 0.01; ***p < 0.001.



Simultaneous Administration of Ponatinib and Infection of Mice Promotes Viral Proliferation

To understand why early treatment was only slightly protective, the BALFs of placebo- and ponatinib-treated mice at days 2, 3, 5, and 7 post-infection were analyzed using a multi-cytokine chip. In the late phases between 5 and 7 days post-infection, the inhibition of cytokines, except for IL-6 and CCL-5, was minor. Meanwhile, no cytokines were inhibited in the ponatinib group in the early phase between days 2 and 3 post-infection. Furthermore, the levels of some cytokines, such as Eotaxin, G-CSF, MCP-1, IL-10, TNF-α, and IP-10, were elevated in the ponatinib group (Figure 6A). The levels of type I IFNs were also determined, and IFN-α levels in the BALFs of mice in the ponatinib group were higher on day 3 and lower on day 5 post-infection (Figures 6B,C). We tested the viral titers in the BALFs samples and found viral titers were significantly higher at day 3 and slightly higher at day 7 post-infection in mice treated with ponatinib simultaneously with infection than treated with placebo (Figure 6D). Therefore, early administration of ponatinib did not reduce cytokine levels during the early phase of influenza virus infection, but rather promoted viral proliferation and delayed viral clearance. This may contribute to the reduced therapeutic effect of ponatinib as influenza treatments when administrated too early.
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FIGURE 6. Simultaneous administration of ponatinib and infection of mice promotes viral proliferation. Mice were infected as described in Figure 2. Starting with day 0, daily administration of placebo or ponatinib (15 mg/kg) was given orally. Inflammatory cytokine/chemokine concentrations in BALF from mice at day 0, 2, 3, 5, and 7 post-infection were measured. (A) IL-6, IL-10, Eotaxin, G-CSF, MCP-1, MIP-1β, TNF-α, and CCL5 concentrations were quantified by multiplex assay and IP-10 concentrations were measured by AlphaLISA. IFN levels in BALF (B) and serum (C) were measured by ELISA. (D) Viral titers in BALF collected at day 0, 2, 3, 5, and 7 post-infection were measured by TCID50 assay using MDCK cells (n = 3). The data are representative of two independent experiments. *p < 0.05; **p < 0.01; ***p < 0.001.



DISCUSSION

Monocytes and their macrophage and dendritic-cell progeny are major producers of cytokines during influenza virus infection. It has been reported that human primary monocytes and derived macrophages and dendritic cells can be infected with influenza viruses and release large amounts of cytokines (25–27). In this study, we picked 6 compounds that have been reported to be effective in other inflammation models with reductionsin cytokines that are important for influenza-induced inflammation and measured their anti-inflammatory activities using the monocytic cell line U937, which can be differentiated into either macrophages or dendritic cells in vitro (28, 29). Several studies indicated that alveolar macrophages secreted the similar pro-inflammatory cytokines to that secreted in U937 cells upon influenza virus infection, although there are some differences in life span between alveolar macrophages and monocytes (30–32). We found that ponatinib can inhibit the production of IL-8, IP-10, and MCP-1, among the most critical cytokines in influenza pathogenesis. Considering that other cell types also contribute to the production of cytokines and chemokines during influenza virus infection, we evaluated the anti-inflammatory activity of ponatinib in PCLS, which contain bronchial and alveolar epithelial cells, endothelial cells and alveolar macrophages. We found that ponatinib can also reduce MCP-1, KC (functional analogs of human IL-8), IP-10, and IL-6 productions dose-dependently in PCLS infected with influenza (Figure S4). Since many cytokines and chemokines contribute to influenza-induced “cytokine storms”, our results also showed that ponatinib inhibits the production of most of the cytokines/chemokines assessed in vivo.

Ponatinib was reported to repress multiple cytokines production induced by chemotherapeutic drugs such as doxorubicin through the p38 pathway (33). The p38 was also considered as an important regulator in the inflammation induced by influenza virus because p38 knock-out mice showed higher survival rate and milder pathological reaction compared to wild-type mice during lethal influenza infection (34). We measured the phosphorylation of p38 in U937 cells and found that the phosphorylation of p38 was upregulated upon influenza A virus infection and downregulated by ponatinib treatment (Figure S2). Although p38 was not the originally designed target of ponatinib, the off-target effect can be explained by two possible mechanisms. One is ponatinib inhibits ZAK (sterile alpha motif and leucine zipper-containing kinase), an upstream signal molecular of p38 (29). The other is that a conserved Asp-Phe-Gly (DFG) motif was observed in the ATP-binding cleft of p38α, which was determined to be targeted by ponatinib (35).

Ponatinib is a third-generation ABL inhibitor used for the treatment of chronic myelogenous leukemia (CML). ABL is a non-receptor protein kinase involved in cell differentiation, proliferation, division, adhesion, apoptosis, and stress responses (36, 37). The kinase activity of ABL protein is autoinhibited by its SH3 domain (38). A mutation in the ABL gene caused by chromosome translocation within the breakpoint cluster region (BCR) leads to deletion of its regulatory domain. The resulting fusion gene, called BCR-ABL, encodes an unregulated highly active kinase that is associated with CML (39). Therefore, BCR-ABL is a good therapeutic target for CML against which various inhibitors, such as imatinib, nilotinib, bosutinib, and ponatinib, have been developed. ABL protein was also reported to participate in innate immunity through regulating the production of type I IFNs by physical association with mitochondrial antiviral signaling protein (MAVS). The ABL inhibitor STI571 (imatinib) reduces vesicular stomatitis virus (VSV)-induced IFN-β levels in MCF-7 cells (40). Our research showed the ABL inhibitor ponatinib can also downregulate levels of IFN-α in influenza virus-infected U937 cells (Figure S3). In vivo, type I IFN signaling may play dual roles in viral pathogenesis and clearance. Although IFNAR-KO mice exhibited increased mortality and morbidity after infection with influenza virus due to significant increases in viral titers, treatment with IFN-α increased mortality and morbidity of influenza-infected mice due to more severe inflammation (41, 42). Based on our results, we suggest reducing type I IFN levels in the late stage of influenza infection may be beneficial. ABL can also activate JAK-STAT signaling, further increasing the production of downstream cytokines, such as IP-10 (43). Our results show ponatinib reduces phosphorylation of STAT1 and production of IP-10 induced by influenza virus infection (Figure S2).

Analysis of the expression of multiple cytokines in influenza virus-infected mice revealed massive increases in the amounts of multiple cytokines, including Eotaxin, G-CSF, MCP-1, IL-10, IL-6, MIP-1β, and IP-10, from 5 to 7 days post-infection, although the levels of these cytokines were much lower at day 3 post-infection (Figure 6A). Meanwhile, the concentrations of type I IFNs peaked at day 3 post-infection in the BALF and serum (Figures 6B,C). These observations have been reported in other influenza models, reinforcing the idea that early chemokines induce recruitment of innate immune cells into the lung that can then release more cytokines, which exacerbates cytokine storm and leads to further damage in the lung (42). Therefore, the progression of influenza infection can be divided into various stages and different types of drugs should be administrated during different stages to yield better therapeutic effects. For example, eritoran, a TLR4 antagonist, is protective when administered starting on 2 days post-infection, but only has limited effects when given 3 h prior to infection (44, 45). Similar results were also observed in our study. These observations suggest inhibition of inflammation caused by influenza can only be achieved during the right therapeutic window. According to our results, the best time to start administration of ponatinib is 3 days post-infection when mice show obvious physical changes due to diseases, such as weight loss and piloerection. Early administration of ponatinib increases viral proliferation and influenza severity, which corroborates with the fact that inflammatory responses are essential for the clearance of the virus, but excessive activation of inflammatory responses causes lung damage and death (46).

We found that ponatinib ameliorated lung pathology accompanied by reduced recruitment of neutrophils in mice infected with influenza. Neutrophils play a dual role during influenza infection. They release cytotoxic substances such as oxygen free radicals and proteases which not only kill the virus but also injure alveolar epithelial cells and capillary endothelial cells. Excessive recruitment neutrophils will lead to the increased permeability of the alveolar-capillary barrier, through which edema fluid infiltrates the air space and cause pulmonary edema (47). There is a study reported that attenuation of the neutrophil response by using a neutrophil-depleting antibody correlated with improved survival following infection of mice with influenza virus (48). However, another study reported that complete depletion of neutrophils using antibody methods decreased control of virus replication in the infected mice, which increased morbidity and mortality (49). Thus, the number of neutrophils should be controlled in the appropriate range to keep the balance which ensures the elimination of pathogens without excessive damage to the body. In our study, we found a reduced number of neutrophils through ponatinib treatment promoted virus replication in the early stage of influenza infection, which became more obvious in mice treated with a higher dose of ponatinib (Figures S5, S6). Therefore, delayed administration of ponatinib still exerts an anti-inflammatory effect without affecting the virus replication, because the early innate antiviral response has been activated.

Ponatinib has been used in the clinic for CML therapy and its adverse effects have been thoroughly investigated. It got a boxed warning alert of the risk of vascular occlusion events, heart failure and liver toxicity (50). However, these adverse events often occurred several months later in the long-term treatments. For example, the median time to initial onset of arterial occlusive events was 13.4 months (51). While anti-influenza therapies are short-course, which minimizes adverse effects. According to the data of clinical trials, the early adverse events of ponatinib such as pancreatitis (median time to first onset, 14 days) were mostly reversible (52).

In this study, we found that ponatinib can repress multi-cytokine production in a monocyte model and suggested ponatinib can reduce cytokine release by inhibiting the JAK-STAT and p38 pathways. We also found ponatinib can ameliorate excessive influenza-induced inflammation by suppressing cytokine storms in vivo. Therefore, ponatinib has potential as an immunomodulator for the treatment of severe influenza.

DATA AVAILABILITY

The raw data supporting the conclusions of this manuscript will be made available by the authors, without undue reservation, to any qualified researcher.

ETHICS STATEMENT

All experiments were conducted according to the protocol approved by the Animal Care and Use Committee of Wuhan Institute of Virology of the Chinese Academy of Sciences (WIVA08201201).

AUTHOR CONTRIBUTIONS

SC, GL, JC, JW, and XC contributed to the design of experiments. SC, GL, JC, AH, LZ, WS, WT, CL, HZ, and CK contributed to the conduction of experiments. SC, GL, WT, CL, and HZ contributed to the reagents. SC, JW, and XC contributed to the writing and editing the paper.

FUNDING

This work was supported by The Important Hubei Science and Technology Innovation Plan 2015ACA062 (to XC) and the Natural Science Foundation of Hubei Province (2018CFB244, to JC).

ACKNOWLEDGMENTS

We thank Dr. Ding Gao and Ms. Juan Min (Center for instrumental analysis and metrology, Wuhan Institute of Virology, CAS) and Professor Xuefang An (Center for the animal experiment) for technical support.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fimmu.2019.01393/full#supplementary-material

REFERENCES

 1. WHO. Influenza (Seasonal) Fact Sheet. Available online at: http://www.who.int/en/news-room/fact-sheets/detail/influenza-(seasonal) (accessed November 6, 2018)

 2. To KK, Hung IF, Li IW, Lee KL, Koo CK, Yan WW, et al. Delayed clearance of viral load and marked cytokine activation in severe cases of pandemic H1N1 2009 influenza virus infection. Clin Infect Dis. (2010) 50:850–9. doi: 10.1086/650581

 3. Louie JK, Yang S, Acosta M, Yen C, Samuel MC, Schechter R, et al. Treatment with neuraminidase inhibitors for critically ill patients with influenza A (H1N1)pdm09. Clin Infect Dis. (2012) 55:1198–204. doi: 10.1093/cid/cis636

 4. Herold S, Becker C, Ridge KM, Budinger GR. Influenza virus-induced lung injury: pathogenesis and implications for treatment. Eur Respir J. (2015) 45:1463–78. doi: 10.1183/09031936.00186214

 5. Kim SH, Hong SB, Yun SC, Choi WI, Ahn JJ, Lee YJ, et al. Corticosteroid treatment in critically ill patients with pandemic influenza A/H1N1 2009 infection: analytic strategy using propensity scores. Am J Respir Crit Care Med. (2011) 183:1207–14. doi: 10.1164/rccm.201101-0110OC

 6. Brun-Buisson C, Richard JC, Mercat A, Thiebaut AC, Brochard L, Group R-SAHNvR. Early corticosteroids in severe influenza A/H1N1 pneumonia and acute respiratory distress syndrome. Am J Respir Crit Care Med. (2011) 183:1200–6. doi: 10.1164/rccm.201101-0135OC

 7. Cheng XW, Lu J, Wu CL, Yi LN, Xie X, Shi XD, et al. Three fatal cases of pandemic 2009 influenza A virus infection in Shenzhen are associated with cytokine storm. Respir Physiol Neurobiol. (2011) 175:185–7. doi: 10.1016/j.resp.2010.11.004

 8. Itoh Y, Shinya K, Kiso M, Watanabe T, Sakoda Y, Hatta M, et al. In vitro and in vivo characterization of new swine-origin H1N1 influenza viruses. Nature. (2009) 460:1021–5. doi: 10.1038/nature08260

 9. Gao R, Bhatnagar J, Blau DM, Greer P, Rollin DC, Denison AM, et al. Cytokine and chemokine profiles in lung tissues from fatal cases of 2009 pandemic influenza A (H1N1): role of the host immune response in pathogenesis. Am J Pathol. (2013) 183:1258–68. doi: 10.1016/j.ajpath.2013.06.023

 10. Lin KL, Suzuki Y, Nakano H RE, Gunn MD. CCR2+ monocyte-derived dendritic cells and exudate macrophages produce influenza-induced pulmonary immune pathology and mortality. J Immunol. (2008) 180:2562–72. doi: 10.4049/jimmunol.180.4.2562

 11. Wang W, Yang P, Zhong Y, Zhao Z, Xing L, Zhao Y, et al. Monoclonal antibody against CXCL-10/IP-10 ameliorates influenza A (H1N1) virus induced acute lung injury. Cell Res. (2013) 23:577–80. doi: 10.1038/cr.2013.25

 12. Salomon R, Hoffmann EWR. Inhibition of the cytokine response does not protect against lethal H5N1 influenza infection. Proc Natl Acad Sci USA. (2007) 104:12479–81.doi: 10.1073/pnas.0705289104

 13. Dawson T, Beck MA KW, Henderson F, Maeda N. Contrasting effects of CCR5 and CCR2 deficiency in the pulmonary inflammatory response to influenza A virus. Am J Pathol. (2000) 156:1951–9. doi: 10.1016/S0002-9440(10)65068-7

 14. Tavares LP, Garcia CC, Machado MG, Queiroz-Junior CM, Barthelemy A, Trottein F, et al. CXCR1/2 antagonism is protective during influenza and post-influenza pneumococcal infection. Front Immunol. (2017) 8:1799. doi: 10.3389/fimmu.2017.01799

 15. Walsh KB, Teijaro JR, Wilker PR, Jatzek A, Fremgen DM, Das SC, et al. Suppression of cytokine storm with a sphingosine analog provides protection against pathogenic influenza virus. Proc Natl Acad Sci USA. (2011) 108:29. doi: 10.1073/pnas.1107024108

 16. Planz O. Development of cellular signaling pathway inhibitors as new antivirals against influenza. Antiviral Res. (2013) 98:457–68. doi: 10.1016/j.antiviral.2013.04.008

 17. Bauer CM, Zavitz CC, Botelho FM, Lambert KN, Brown EG, Mossman KL, et al. Treating viral exacerbations of chronic obstructive pulmonary disease: insights from a mouse model of cigarette smoke and H1N1 influenza infection. PLoS ONE. (2010) 5:e13251. doi: 10.1371/journal.pone.0013251

 18. Yoshizumi M, Kimura H, Okayama Y, Nishina A, Noda M, Tsukagoshi H, et al. Relationships between cytokine profiles and signaling pathways (IkappaB Kinase and p38 MAPK) in parainfluenza virus-infected lung fibroblasts. Front Microbiol. (2010) 1:124. doi: 10.3389/fmicb.2010.00124

 19. Nuche-Berenguer B, Ramos-Alvarez I, Jensen RT. Src kinases play a novel dual role in acute pancreatitis affecting severity but no role in stimulated enzyme secretion. Am J Physiol Gastrointest Liver Physiol. (2016) 310:G1015–27. doi: 10.1152/ajpgi.00349.2015

 20. Morioka N, Abe H, Araki R, Matsumoto N, Zhang FF, Nakamura Y, et al. A beta1/2 adrenergic receptor-sensitive intracellular signaling pathway modulates CCL2 production in cultured spinal astrocytes. J Cell Physiol. (2014) 229:323–32. doi: 10.1002/jcp.24452

 21. Wong J, Tran LT, Magun EA, Magun BE, Wood LJ. Production of IL-1beta by bone marrow-derived macrophages in response to chemotherapeutic drugs: synergistic effects of doxorubicin and vincristine. Cancer Biol Ther. (2014) 15:1395–403. doi: 10.4161/cbt.29922

 22. Rhee CK, Lee SH, Yoon HK, Kim SC, Lee SY, Kwon SS, et al. Effect of nilotinib on bleomycin-induced acute lung injury and pulmonary fibrosis in mice. Respiration. (2011) 82:273–87. doi: 10.1159/000327719

 23. Gozgit JM, Wong MJ, Wardwell S, Tyner JW, Loriaux MM, Mohemmad QK, et al. Potent activity of ponatinib (AP24534) in models of FLT3-driven acute myeloid leukemia and other hematologic malignancies. Mol Cancer Ther. (2011) 10:1028–35. doi: 10.1158/1535-7163.MCT-10-1044

 24. Narasaraju T, Yang E, Samy RP, Ng HH, Poh WP, Liew AA, et al. Excessive neutrophils and neutrophil extracellular traps contribute to acute lung injury of influenza pneumonitis. Am J Pathol. (2011) 179:199–210. doi: 10.1016/j.ajpath.2011.03.013

 25. Fesq H, Bacher MNM, Gemsa D. Programmed cell death (apoptosis) in human monocytes infected by influenza A virus. Immunobiology. (1994) 190:175–82. doi: 10.1016/S0171-2985(11)80292-5

 26. Lee ACY, To KKW, Zhu H, Chu H, Li C, Mak WWN, et al. Avian influenza virus A H7N9 infects multiple mononuclear cell types in peripheral blood and induces dysregulated cytokine responses and apoptosis in infected monocytes. J Gen Virol. (2017) 98:922–34. doi: 10.1099/jgv.0.000751

 27. Westenius V, Makela SM, Julkunen I, Osterlund P. Highly pathogenic H5N1 influenza A virus spreads efficiently in human primary monocyte-derived macrophages and dendritic cells. Front Immunol. (2018) 9:1664. doi: 10.3389/fimmu.2018.01664

 28. Valdes Lopez JF, Urcuqui-Inchima S. Synergism between phorbol-12-myristate-13-acetate and vitamin D3 in the differentiation of U937 cells to monocytes and macrophages. Morphologie. (2018) 102:205–18. doi: 10.1016/j.morpho.2018.06.001

 29. Kang K, Jung H, Nam S, Lim JS. NDRG2 promotes GATA-1 expression through regulation of the JAK2/STAT pathway in PMA-stimulated U937 cells. Immune Netw. (2011) 11:348–57. doi: 10.4110/in.2011.11.6.348

 30. Nakajima N, Van Tin N, Sato Y, Thach HN, Katano H, Diep PH, et al. Pathological study of archival lung tissues from five fatal cases of avian H5N1 influenza in Vietnam. Mod Pathol. (2013) 26:357–69. doi: 10.1038/modpathol.2012.193

 31. Rosseau S, Hammerl P, Maus U, Walmrath HD, Schutte H, Grimminger F, et al. Phenotypic characterization of alveolar monocyte recruitment in acute respiratory distress syndrome. Am J Physiol Lung Cell Mol Physiol. (2000) 279:L25–35. doi: 10.1152/ajplung.2000.279.1.L25

 32. Janssen WJ, Barthel L, Muldrow A, Oberley-Deegan RE, Kearns MT, Jakubzick C, et al. Fas determines differential fates of resident and recruited macrophages during resolution of acute lung injury. Am J Respir Critic Care Med. (2011) 184:547–60. doi: 10.1164/rccm.201011-1891OC

 33. Wong J, Smith LB, Magun EA, Engstrom T, Kelley-Howard K, Jandhyala DM, et al. Small molecule kinase inhibitors block the ZAK-dependent inflammatory effects of doxorubicin. Cancer Biol Ther. (2013) 14:56–63. doi: 10.4161/cbt.22628

 34. Borgeling Y, Schmolke M, Viemann D, Nordhoff C, Roth J, Ludwig S. Inhibition of p38 mitogen-activated protein kinase impairs influenza virus-induced primary and secondary host gene responses and protects mice from lethal H5N1 infection. J Biol Chem. (2014) 289:13–27. doi: 10.1074/jbc.M113.469239

 35. Choi HG, Ren P, Adrian F, Sun F, Lee HS, Wang X, et al. A type-II kinase inhibitor capable of inhibiting the T315I “gatekeeper” mutant of Bcr-Abl. J Med Chem. (2010) 53:5439–48. doi: 10.1021/jm901808w

 36. Pendergast AM. The Abl family kinases: mechanisms of regulation and signaling. Adv Cancer Res. (2002) 85:51–100. doi: 10.1016/S0065-230X(02)85003-5

 37. Van Etten RA. Cycling, stressed-out and nervous: cellular functions of c-Abl. Trends Cell Biol. (1999) 9:179–86.

 38. Barilá DS-FG. An intramolecular SH3-domain interaction regulates c-Abl activity. Nat Genet. (1998) 18:280–2.

 39. Kurzrock R, Kantarjian HM SM, Gutterman JU, Talpaz M. Philadelphia chromosome-negative chronic myelogenous leukemia without breakpoint cluster region rearrangement: a chronic myeloid leukemia with a distinct clinical course. Blood. (1990) 75:445–52.

 40. Song T, Wei C, Zheng Z, Xu Y, Cheng X, Yuan Y, et al. c-Abl tyrosine kinase interacts with MAVS and regulates innate immune response. FEBS Lett. (2010) 584:33–8. doi: 10.1016/j.febslet.2009.11.025

 41. Arimori Y, Nakamura R, Yamada H, Shibata K, Maeda N, Kase T, et al. Type I interferon limits influenza virus-induced acute lung injury by regulation of excessive inflammation in mice. Antiviral Res. (2013) 99:230–7. doi: 10.1016/j.antiviral.2013.05.007

 42. Davidson S, Crotta S, McCabe TM, Wack A. Pathogenic potential of interferon alphabeta in acute influenza infection. Nat Commun. (2014) 5:3864. doi: 10.1038/ncomms4864

 43. Danial NN, Rothman P. JAK-STAT signaling activated by Abl oncogenes. Oncogene. (2000) 19:2523–31. doi: 10.1038/sj.onc.1203484

 44. Shirey KA, Lai W, Scott AJ, Lipsky M, Mistry P, Pletneva LM, et al. The TLR4 antagonist Eritoran protects mice from lethal influenza infection. Nature. (2013) 497:498–502. doi: 10.1038/nature12118

 45. Shirey KA, Lai W, Patel MC, Pletneva LM, Pang C, Kurt-Jones E, et al. Novel strategies for targeting innate immune responses to influenza. Mucosal Immunol. (2016) 9:1173–82. doi: 10.1038/mi.2015.141

 46. Tavares LP, Teixeira MM, Garcia CC. The inflammatory response triggered by Influenza virus: a two edged sword. Inflamm Res. (2017) 66:283–302. doi: 10.1007/s00011-016-0996-0

 47. Castillo RL, Carrasco Loza R, Romero-Dapueto C. Pathophysiological approaches of acute respiratory distress syndrome: novel bases for study of lung injury. Open Respir Med J. (2015) 9:83–91. doi: 10.2174/1874306401509010083

 48. Brandes M, Klauschen F, Kuchen S, Germain Ronald N. A systems analysis identifies a feedforward inflammatory circuit leading to lethal influenza infection. Cell. (2013) 154:197–212. doi: 10.1016/j.cell.2013.06.013

 49. Tate MD, Brooks AG, Reading PC. The role of neutrophils in the upper and lower respiratory tract during influenza virus infection of mice. Respir Res. (2008) 9:57. doi: 10.1186/1465-9921-9-57

 50. Poch Martell M, Sibai H, Deotare U, Lipton JH. Ponatinib in the therapy of chronic myeloid leukemia. Expert Rev Hematol. (2016) 9:923–32. doi: 10.1080/17474086.2016.1232163

 51. Cortes JE, Kim DW, Pinilla-Ibarz J, le Coutre P, Paquette R, Chuah C, et al. Ponatinib efficacy and safety in Philadelphia chromosome-positive leukemia: final 5-year results of the phase 2 PACE trial. Blood. (2018) 132:393–404. doi: 10.1182/blood-2016-09-739086

 52. Cortes JE, Kim DW, Pinilla-Ibarz J, le Coutre P, Paquette R, Chuah C, et al. A phase 2 trial of ponatinib in Philadelphia chromosome-positive leukemias. N Engl J Med. (2013) 369:1783–96. doi: 10.1056/NEJMoa1306494

Conflict of Interest Statement: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Copyright © 2019 Chen, Liu, Chen, Hu, Zhang, Sun, Tang, Liu, Zhang, Ke, Wu and Chen. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.

OPS/images/fimmu-10-01393-g005.gif
Day5

gs‘!ﬂj_‘_‘ii

|
l'n Lh i

~~fw/y ERRRRES é.g,«;, 5 e

Cytokine/Chomokine. CytokineChamoline

o1 in BALE (pgimi)

=
s
3
3
=

hmimn

E IFN-c. in BALF IFN-§ in BALF
§ 100
EI— SI—
IFNs in Serum ° Virus titers in BALF
= 2, =
=jond =
§

Cytokine Days post infection





OPS/images/fimmu-10-01393-g006.gif
wy  Eotain GoSF s
oy e z
] T -
ol - A

° oups postntction © Ot penticton * ays postntecton "
- L0 mepa oy MIPAp.

Ouyspostitacion oays ot necion
cos o TNFt

$8§

Oayspostfecion Oayspostitecion
° PN in BALE IFN-B in BALF
e

53§

Durs st ction onjpostmcion
IFN-c in Serum z IFN in Serum ° Virus titers in BALF
fe . oy
it 2. H 2 oo Ponts
T B 5o 3
. 3" e e
[ =T o 3.
£ 1T T 1 LR

Days post Infection Dara post infecsion Oaye pootinfoction





OPS/images/fimmu-10-01393-g003.gif
* omormans o

Jr——
123456

reontsurvival
3553

‘oayspostinection

g
3
H
. ¥ epostmectan
§
£
3
* .

Days post infection Days post lnfection





OPS/images/fimmu-10-01393-g004.gif
Cell number (<10°)

Total cells

=z
= o

H 7
Days post infection

Coll number (<10

Neutrophils

H 7
Days post infection

Collnumber (<104

Monocytes.

5 7
Days post infection





OPS/images/fimmu-10-01393-t001.jpg
Name

BMS-345541
PP2
TWs119
Sorafenib

b

Pon:
Nilotinib

CCso

39
403
5.4
20.7
139
54

IL-8

1.7
>100
9.0
0.7
0.3
0.4

ECso

1P-10

46
33
85
37
03
11

MCP-1

36
10.4
8.0
58
0.4
L

IL-8

0.3
<04
0.6
29.6
46.3
135

sl

IP-10

08
122
06
56
463
49

MCP-1

11
39
07
36
348
36

Target

IkB/IKK

src

GSK-3

Raf

Ber-Abl, VEGFR, FGFR, PDGFR, Fit
Ber-Abl





OPS/images/fimmu-10-01393-g001.gif
BMS-345541

g 0. o g
gl ws g
R e “© R
P 22 En
£ SEOEN
Lo g concniation () Logadrg concontation )
T e e St
. we i
wEoogh
wf fu
w: fa
D ol
LRI
Loty concaneaton )
Porstis oy o
wg £
wEioq
o £
w0 H
w3 2

Log,, drug concentration (uM) Logyq drug concentration (M)





OPS/images/fimmu-10-01393-g002.gif
% of starting weigh © Percent survival

ssass

o

T h s
Days post infection

Frapma—
- o

T % % o™

Days post infection

% of starting weigh

% of starting weigh ©

o, B P zsroras

100 o

.

.

.

.

L S S )

Days post infection

o, B romnsrotos

10 -

. "

.

T % % @
Days post infection





OPS/images/cover.jpg
, frontiers
in Immunology

Ponatinib Protects Mice From
Lethal Influenza Infection by
Suppressing Cytokine Storm









OPS/images/crossmark.jpg
©

2

i

|





OPS/images/logo.jpg
, frontiers
in Immunology





