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Abstract: Influenza virus is among the most common causes of respiratory illness worldwide and 

can be complicated by secondary bacterial pneumonia, a frequent cause of mortality. When 

influenza virus infects the lung, the innate immune response is activated, and interferons and 

inflammatory mediators are released. This “cytokine storm” is thought to play a role in 

influenza-induced lung pathogenesis. Peroxisome proliferator-activated receptor gamma (PPARγ) 

is a member of the nuclear hormone receptor super-family. PPARγ has numerous functions 

including enhancing lipid and glucose metabolism and cellular differentiation and suppressing 

inflammation. Synthetic PPARγagonists (thiazolidinediones or glitazones) have been used 

clinically in the treatment of type II diabetes. Using data from the National Health and Nutrition 

Examination Survey (NHANES), diabetic participants taking rosiglitazone had an increased risk of 

mortality from influenza/pneumonia compared to those not taking the drug. We examined the 

effect of rosiglitazone treatment during influenza and secondary bacterial (Methicillin resistant 

Staphylococcus aureus) pneumonia in mice. We found decreased influenza viral burden, decreased 

numbers of neutrophils and macrophages in bronchoalveolar lavage, and decreased production of 

cytokines and chemokines in influenza infected, rosiglitazone-treated mice when compared to 

controls. However, rosiglitazone treatment compromised bacterial clearance during 

influenza-bacterial super-infection. Both human and mouse data suggest that rosiglitazone 

treatment worsens the outcome of influenza-associated pneumonia. 

Keywords: lung; pneumonia; MRSA; PPAR agonist; rosiglitazone; neutrophils; cytokines; 

chemokines  

 

1. Introduction 

Influenza, while being a common illness, takes a heavy toll on the healthcare system as the 

Center for Disease Control and Prevention estimates that between 12,000 and 56,000 deaths have 

occurred annually in the United States since 2010. The 2017–2018 influenza season was one of the 

worst influenza seasons in recent history in terms of mortality, which was approximated at 80,000 in 

the United States. In addition to seasonal influenza outbreaks, there is global pandemic potential, 

including four recorded instances over the past century, including 2009.  

Influenza induces Type I, Type II, and Type III interferons, which are responsible for interfering 

with viral replication in infected cells [1–5]. Binding of Type I interferons to their transmembrane 
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protein receptors results in the formation of STAT1–STAT2 heterodimers, while binding of Type II 

interferons signal through STAT1–STAT1 homodimers, translocate into the nucleus, and 

sub-sequentially bind to the promoter element of interferon stimulated genes (ISG) to control the 

virus [6,7]. Mx proteins are interferon-induced GTP binding proteins that are part of the type I and 

type III IFN-induced antiviral response [8]. Mx1, inhibits influenza viral transcription and 

replication by suppressing the polymerase activity of viral ribonucleoproteins [9]. Influenza 

infection induces a variety of inflammatory cytokines and chemokines such as IL-6, IL-8, TNFα, 

CCL2, CCL5, CXCL10, and recruitment of neutrophils and macrophages to clear the virus. 

Neutrophil elastase (ELANE) and cathepsin G (CTSG) are proteolytic enzymes present in 

neutrophilic azurophilic granules that are involved in antimicrobial activity [10,11]. However, 

excessive inflammatory immune responses from neutrophils, macrophages and proinflammatory 

cytokines drive lung pathology [1,12]. Although most influenza infections result in mild to moderate 

disease, secondary bacterial infection results in high rates of mortality and morbidity. 

Community-acquired methicillin-resistant Staphylococcus aureus (MRSA) has been shown as a 

significant source of mortality during influenza-associated secondary bacterial infection [13–15]. 

Influenza infection predisposes the lung to secondary bacterial infection by dysregulation of innate 

and adaptive immune responses [16–22]. We have shown that type I IFN and STAT1 inhibit the S. 

aureus-induced Type 17 response, thereby decreasing bacterial clearance during influenza-bacterial 

super-infection [23–25]. Also, our recent study has shown that the STAT2 signaling suppress 

macrophage activation and bacterial clearance during influenza-bacterial super-infection [26]. Given 

the mortality associated with influenza and influenza-bacterial super-infection, research has focused 

on identification of therapeutic targets. 

PPARγis a member of the nuclear hormone receptor super-family and acts in the nucleus as a 

transcription factor. PPARγ is known to enhance lipid and glucose metabolism as well as cellular 

differentiation. Additionally, PPAR-γ has been shown to inhibit expression of inflammatory 

cytokines and produce an anti-inflammatory response in multiple models of disease [27–29]. PPARγ 

is activated by natural ligands such as 15-deoxy-D12; 14-prostaglandin J2 (15d-PGJ2) or synthetic 

ligands including thiazolidinediones (TZDs) or glitazones, and GW1929 [27,30,31]. 

Thiazolidinediones (rosiglitazone or pioglitazone) have been used clinically in the treatment of type 

II diabetes mellitus. These glitazones can be used as a monotherapy or in combination with insulin, 

metformin or sulfonylureas [32–34]. Also, studies have shown that rosiglitazone increases the 

anti-inflammatory immune response during acute pulmonary inflammation [35,36]. Recently we 

have shown that metformin is associated with a decrease in chronic lower respiratory disease 

(CLRD)-related mortality [37]. Since large numbers of patients have been treated with rosiglitazone, 

we used data from the National Health and Nutrition Examination Surveys (NHANES) conducted 

between 1988–1994 and 1999–2010 and determined the influenza/pneumonia mortality associated 

with the medication. We then hypothesized that increasing PPARγ activation will decrease the 

inflammatory immune response during influenza and influenza-bacterial super-infection. In this 

study, we examined the role of rosiglitazone treatment during influenza infection and 

influenza-bacterial super-infection by determining influenza viral burden, viral-induced interferons 

and their downstream stimulated genes, inflammatory cellular responses, and pro- and 

anti-inflammatory cytokines in the lung. 

2. Materials and Methods 

2.1. Animals 

Mice (C57BL/6) were purchased from Taconic Farms. All the experimental mice were sex 

matched (male) and used between 6–8 weeks of age. All the animal experiments were performed 

according to the University of Pittsburgh Institutional Animal Care and Use Committee guidelines 

(IACUC), protocol 17071194, dated, 06/01/2018. 

2.2. Experimental Infections and Animal Treatments 
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All infections were performed on isoflurane-anesthetized mice via oropharyngeal aspiration. 

Mice were infected with 100 plaque-forming units (PFU) of influenza A/PR/8/34 (influenza H1N1) in 

50 μl of sterile PBS. Methicillin-resistant S. aureus (USA300) was cultured in casein hydrolysate yeast 

extract-containing modified medium for 18 h to stationary growth phase at 37 °C and diluted to an 

infectious inoculum of 5 × 107 CFU in 50 μL of sterile PBS. For super-infection experiments, mice 

were first challenged with influenza (100 pfu) or vehicle and then infected with MRSA or vehicle on 

day 6 after influenza infection [25,26]. In some experiments, mice were treated with rosiglitazone (10 

mg/mL) or vehicle (DMSO) from day 0–6 of influenza infection via intraperitoneal injection.  

2.3. Measurement of Lung Inflammation 

Mice were harvested 7 days after influenza infection. In time course experiments, mice were 

harvested every other day up to 14 days. In super-infection experiments, mice were harvested 

twenty-four hours following bacterial challenge, 7 days post-influenza. Bronchoalveolar lavage 

(BAL) fluid was collected with 1 mL of sterile PBS and cell differential counts were performed 

[24,26,38]. The cranial lobe of the right lung was homogenized in PBS and used to determine the 

bacterial colony and cytokine analysis. The middle and caudal lobes of the right lung were used for 

RNA isolation using the Absolutely RNA Miniprep Kit (Agilent Technologies, Santa Clara, CA, 

USA). Gene expression was analyzed by RT-PCR utilizing commercially available Taqman primer 

and probe sets (Applied Biosystems, Foster City, CA, USA). Fold changes in mRNA expression were 

calculated using the delta-delta CT method, and were normalized to the endogenous housekeeping 

gene hypoxanthine-guanine phosphoribosyl transferase (HPRT).  

2.4. Flow Cytometry 

Whole mouse lungs were digested in collagenase and passed through 70 μm filters as described 

[26]. Single cell suspensions were stained with CD11b (M1/70), CD11c (HL3), Ly6C, Ly6G. Cells 

were collected in a Becton Dickinson FACS Aria flow cytometer with FACS Diva software (BD, 

Franklin Lakes, NJ, USA). Flow cytometric analysis was performed using FlowJo (Tree Star, 

Ashland, OR, USA). 

2.5. Statistical Analysis 

The data analyses were performed using GraphPad Prism Software. All the data were 

presented as mean ± SEM. Differences between two groups were analyzed using two-tailed 

Student’s t-test and multiple experimental groups were analyzed using one-way ANOVA with 

Tukey’s post-hoc test. Differences were considered significant when p ≤ 0.05. 

2.6. Human Data Source 

We used data from the National Health and Nutrition Examination Surveys (NHANES) 

conducted between 1988–1994 and 1999–2010 by the National Center for Health Statistics (NCHS) 

of the Centers for Disease Control and Prevention (CDC). The NHANES is a continuous 

cross-sectional survey that uses a complex multistage sampling design to derive a sample 

representative of the U.S. population. During this period, 6606 participants with diabetes (defined 

as taking medication for diabetes or a hemoglobin A1C ≥ 6.5%) provided data on the use of 

thiazolidinediones and other antidiabetic drugs and were followed for mortality through to 

December 31, 2015. We merged the NHANES files with the corresponding Mortality-Linked Files 

created by the NCHS using National Death Index records and death certificates. The NHANES 

protocols were approved by the Institutional Review Boards of the NCHS and the CDC, and 

informed consent was obtained from each participant. Please see 

https://www.cdc.gov/nchs/nhanes/irba98.htm for details. 

2.6. Definition of Variables 
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NHANES participants were asked about medication use in the past month. Those who 

reported taking prescription medications were further asked about the name and duration of the 

product used. The product name was recorded preferentially from the medication container label 

and if the container was unavailable, it was reported by the participant. The medications we 

included were rosiglitazone, other thiazolidinediones, insulin, and other oral antidiabetic drugs 

(metformin, sulfonylureas, other antidiabetics). Influenza/pneumonia mortality was defined using 

the Tenth Revision of the International Classification of Diseases (ICD-10) (corresponding to the 

codes J9-J18). Detailed information on the classifications used by the NHANES is available at 

https://www.cdc.gov/nchs/data/datalinkage/public-use-2015-linked-mortality-files-data-dictionary. 

pdf. Using a questionnaire, the NHANES also collected data on covariates including age, gender, 

race/ethnicity, family poverty income ratio (PIR), cigarette smoking, and previous diagnosis of 

asthma or COPD. 

2.7. Human Data Statistical Analysis 

Descriptive analyses were performed by rosiglitazone status. Cox proportional hazards 

regression was used to estimate the hazard ratio (HR) and 95% confidence interval (CI) for the risk 

of influenza/pneumonia mortality associated with the medication. The model was adjusted for age, 

gender, race/ethnicity, PIR, cigarette smoking, asthma or COPD, treatment by insulin, and 

treatment by other oral antidiabetic drugs. The analyses were performed in SAS (Version 9.4) 

accounting for NHANES sampling weights and complex design and P values <0.05 were considered 

statistically significant. 

3. Results  

3.1. Influenza/Pneumonia Mortality Is Increased in Diabetic Patients in Response to Rosiglitazone 

Treatment 

We first determined whether rosiglitazone treatment is associated with mortality from 

influenza-related pneumonia in humans, using data on diabetic patients from NHANES. Among 

the 6606 participants included in the analysis, the prevalence of rosiglitazone treatment at baseline 

was 4.6% (adjusted for sampling weight and study design). During a median follow-up of 9.2 years, 

68 participants died of influenza/pneumonia. Diabetic subjects taking rosiglitazone and those not 

taking the drug did not differ by age groups, gender, race/ethnicity, PIR, cigarette smoking, or 

asthma/COPD prevalence. However, they had a higher prevalence of treatment with insulin and 

other oral antidiabetic drugs (Table 1). The mortality rate from influenza/pneumonia during 

follow-up was more than twice as high in participants taking rosiglitazone (2.0 per 1000 

person-years) than in those not taking the drug (0.7 per 1000 person-years). Adjusted Cox 

regression showed that rosiglitazone was associated with a ~4-fold increased risk of mortality from 

influenza/pneumonia (HR: 4.09, 95% CI: 1.31–12.82, P = 0.016) (Figure 1). We found no association 

between treatment with other oral antidiabetic drugs (metformin, sulfonylureas, or others) and the 

outcome. These data suggest that rosiglitazone may be detrimental in influenza/pneumonia. 
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Table 1. Baseline characteristics of the study participants (N = 6,600). 

 All 

Participants 

Rosiglitazone 

Characteristics  No Yes P 

Prevalence, % 100  95.4 4.6  

Age groups, %      0.27 

20–39 years 10.9  11.0 8.9  

40–59 years 38.6  38.3 44.5  

≥ 60 years 50.5  50.7 46.5  

Gender, %     0.80 

Men 48.3  48.3 47.4  

Women 51.7  51.7 52.6  

Race/ethnicity, %     0.57 

Non-Hispanic Whites 64.0  63.8 67.0  

Non-Hispanic Blacks 16.9  16.9 15.8  

Mexican-Americans 12.3  12.3 12.8  

Other 6.9  7.0 4.4  

Poverty-income ratio, % a     0.08 

≤1 16.8  16.9 15.4  

1< & ≤ 3 45.7  46.0 39.1  

>3 37.5  37.1 45.5  

Cigarettes smoking, % b 53.7  54.0 48.6 0.14 

Asthma or COPD, % c 17.1  17.0 19.0 0.52 

Insulin treatment, % 22.2  21.8 29.8 0.03 

Other oral antidiabetic drugs, % 27.3  39.0 65.1 <0.001 

Rate of mortality from Influenza and pneumonia (1,000 

person-years) 
0.8  0.7 2.0 0.02 

a.Number of participants with missing data on poverty-income ratio = 730. b.Number of participants 

with missing value on smoking = 8. c. Number of participants with missing data on asthma or COPD 

= 66. P-value for the difference in characteristics calculated using chi-square (χ2) test. 

 

Figure 1. Rosiglitazone and risk of mortality from influenza/pneumonia. Kaplan–Meier curves for 

cumulative mortality from influenza/pneumonia in non-users and users of rosiglitazone. Model 
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adjusted for age, gender, race/ethnicity, PIR, cigarette smoking, asthma or COPD, treatment by 

insulin, and treatment by other oral antidiabetic drugs. Model also accounting for competing risk of 

mortality from causes other than influenza and pneumonia. 

3.2. PPARγ Expression Is Suppressed in Response to Influenza Infection 

PPARγis known to have an anti-inflammatory role in several disease models [29,39–42]. 

However, the role of PPARγ during influenza infection is not clear. To determine the relationship 

between PPARγ expression and influenza infection, we infected mice with influenza and measured 

the mRNA expression of PPARγand influenza viral burden at days 4, 8, and 12 post-infection by 

RT-PCR. We found the viral titer was highest on day 4 when compared to day 8 and 12; virus was 

not detectable on day 12 after influenza infection (Figure 2B). However, PPARγ expression is 

decreased throughout influenza infection progression (day 4 until day 12) (Figure 2A). These data 

demonstrate that PPARγexpression is decreased during influenza infection and suggest that 

exogenous PPARγ agonists may have an impact on inflammation.  

 

Figure 2. PPAR expression is suppressed during influenza infection. WT mice were infected with 

influenza (100 pfu) and harvested from 0, 4, 8, and 12 days post-infection, and (A) PPARexpression 

and B) influenza M protein expression was measured by RT-PCR. N = 5–8 per group. Data are 

represented as mean ±SEM, two tailed Student’s t test, * p < 0.05, ** p < 0.001. 

3.3. Rosiglitazone Treatment Suppresses Influenza Viral Burden and Reduces Inflammatory Cells in BAL 

during Influenza Infection 

Several studies have shown that PPAR agonists decrease the inflammatory response during 

acute pulmonary infection [35,36,43]. We determined whether boosting PPARγ activity has an 

anti-inflammatory effect during influenza infection. We infected mice with influenza and 

administered rosiglitazone or vehicle (DMSO) once per day from 0–6 days post-infection. We found 

that influenza burden (influenza M protein expression) significantly decreased in response to 

rosiglitazone treatment (Figure 3A). Further, the expression of interferons (IFNβ and IFNγ), 

transcription factors (STAT1, STAT2) and interferon stimulated genes (ISG) also significantly 

decreased in mice treated with rosiglitazone when compared to vehicle treatment (Figure 3B–F). 

However, we found no differences in weight loss between the vehicle or rosiglitazone treatments 

during influenza infection (Figure S1A). These data suggest that PPARγagonists may limit 

influenza viral load and interferon responses. 



Viruses 2019, 11, 505 7 of 18 

 

 

Figure 3. Rosiglitazone treatment decreases influenza viral burden, interferons, and ISG levels 

during influenza infection. WT male, 6–8 weeks old mice were infected with 100 pfu of influenza (N = 

7–8 per group). Mice were treated with rosiglitazone or vehicle (DMSO) from day 0–6 post-infection 

and harvested on day 7 post-infection. (A) Viral burden was measured by influenza M protein 

expression in lung by RT PCR, N = 7–8 per group. (B–F) IFNβ, IFNγ, STAT1, STAT2, and Mx1 

expression was measured in whole lung by RT-PCR, N = 7–8 per group. Data are represented as 

mean ±SEM, two tailed Student’s t test, * p < 0.05, ns-not significant. 

Next, to examine the inflammatory response, we stained cells from bronchoalveolar lavage 

(BAL) and performed differential counting. We found decreased neutrophil and macrophage cells in 

the BAL of rosiglitazone-treated mice when compared to the vehicle-treated controls (Figure 4A,B). 

Further, the number of lymphocytes also trended to decrease in rosiglitazone-treated mice when 

compared to controls (Figure 4C). Next, we determined the effect of rosiglitazone treatment on 

neutrophil activity by measuring the gene expression of cytochrome B (CYBB), cathepsin G (CTSG 

and neutrophil elastase (ELANE). We found decreased expression of these genes in response to 

rosiglitazone treatment (Figure 4D–F). These findings are consistent with PPARγagonist 

impairment of inflammation. 
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Figure 4. Rosiglitazone treatment decreases the cellular response and genes associated with 

neutrophil activity during influenza infection. WT male, 6–8 weeks old mice were infected with 100 

pfu of influenza (N = 7–8 per group). Mice were treated with rosiglitazone or vehicle (DMSO) from 

day 0–6 post-infection and harvested on day 7 post-infection. The BAL cells were stained, and 

differential cells were counted as described in methods. (A) Total number of neutrophils, (B) 

macrophages, (C) and lymphocytes were measured in BAL. (D–F) CYBB, CTSG and ELANE mRNA 

expression levels were determined by RT-PCR, N = 7–8 per group, Data are represented as mean ± 

SEM, * p < 0.05. 

We then determined the effect of rosiglitazone treatment on induction of pro-and 

anti-inflammatory cytokines and chemokines. We found decreased gene expression of IL-6, 

IL-12p40, CCL2, CXCL9 and CXCL10 in the rosiglitazone-treated group when compared to the 

vehicle-treated group (Figure 5A–E). Further, we found trends towards decreased protein levels of 

IL-6, IL-12p40, IL-12p70, CCL2, CCL3, and CCL4 in the rosiglitazone treatment group (Figure 5F). 

However, there was no difference in potentially anti-inflammatory cytokines IL-4, IL-10, and IL-13 

(Figure 5G). Together, these data suggest that rosiglitazone treatment decreases influenza viral 

burden, antiviral immune signaling, and the inflammatory cellular response during influenza 

infection.  
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Figure 5. Rosiglitazone treatment decreases the level of inflammatory cytokines and chemokines 

during influenza infection. WT male, 6–8 weeks old mice were infected with 100 pfu of influenza (N = 

7–8 per group). Mice were treated with rosiglitazone or vehicle (DMSO) from day 0–6 post-infection 

and harvested on day 7 post-infection. (A–E) IL-6, IL-12p40, CCL2, CXCL9 and CXCL10 expression 

levels were measured by RT-PCR, N = 7–8 per group. Relative induction of (F) IL-6, IL-12p40, 

IL-12p70, CCL2, CCL3, and CCL4 (G) IL-4, IL-10, and IL-13 levels in response to 

rosiglitazone-treated to vehicle-treated group by Luminex assay N = 7–8 per group, Data are 

represented as mean ± SEM, * p < 0.05, ns-not significant. 
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3.4. PPARγ Agonist Treatment Compromises Bacterial Clearance during Influenza-Bacterial Super-Infection 

The suppression of pro-inflammatory responses induced by PPARγagonist during influenza 

infection is not consistent with increased rosiglitazone associated mortality seen in humans. 

Influenza mortality in humans is often associated with secondary bacterial pneumonia. Next, we 

addressed the effect of rosiglitazone treatment during influenza-bacterial super-infection 

pneumonia. We infected mice with influenza and administered rosiglitazone or vehicle (DMSO) 

once per day from 0–6 days post-infection. On day 6 we infected mice with MRSA and harvested 

tissues one day later. Interestingly, we found that super-infected, rosiglitazone-treated mice 

harbored more lung bacteria when compared to super-infected, vehicle-treated mice (Figure 6A). 

Similar to influenza infection, there were no differences in weight loss observed between vehicle and 

rosiglitazone treatment during influenza-bacterial super-infection (Figure S1B). Next, we 

determined whether rosiglitazone treatment decreases influenza viral burden during 

super-infection. We found decreased expression of influenza M protein in the lungs of 

rosiglitazone-treated super-infected mice when compared to vehicle-treated super-infected mice 

(Figure 6B). However, we found no significant differences in the gene expression levels of IFNβ, 

IFNγ, STAT1, and STAT2 in rosiglitazone-treated mice when compared to controls (Figure 6C–F). 

Further, we found decreased expression of the ISG, Mx1 in rosiglitazone treatment group when 

compared to controls (Figure 6G). These data suggest that PPARγagonist inhibition of interferon 

responses is muted during bacterial super-infection. 

Next, we determined the inflammatory cellular response in the airspace by measuring the 

number of neutrophils, macrophages and lymphocytes in BAL. We found decreased numbers of 

neutrophils, macrophages and lymphocytes in super-infected, rosiglitazone-treated mice when 

compared to super-infected, vehicle-treated mice (Figure 7A–C). Further, we determined whether 

neutrophil activity is decreased in response to rosiglitazone treatment. We found decreased 

expression of CTSG and ELANE in super-infected, rosiglitazone-treated mice when compared to 

super-infected, vehicle-treated mice (Figure 7D–F). We also found a decreased percentage of 

neutrophils in the lung by flow cytometry (Figure 7G,H). These data suggest that rosiglitazone 

treatment decreases the cellular response to bacterial super-infection by reducing neutrophil 

numbers and activity during influenza-bacterial super-infection.  

Finally, we determined whether pro-inflammatory cytokine and chemokines are suppressed in 

response to rosiglitazone treatment. We found no differences in the gene expression levels of IL-6, 

IL-12p40, CCL2, CXCL9, and CXCL10 in both rosiglitazone treatment and vehicle controls (Figure 

8A–E). We also found that protein levels of IL-6, IL-12p40, IL-12p70, CCL2, CCL3 and CCL4 were 

not suppressed in response to rosiglitazone treatment during super-infection (Figure 8F). Further, 

we found the levels of IL-4, IL-10 and IL-13 were not elevated in response to rosiglitazone treatment 

during super-infection (Figure 8G). These results imply that rosiglitazone treatment specifically acts 

on neutrophils to reduce their number and activity during influenza-bacterial super-infection, but 

does not consistently inhibit inflammation, unlike influenza single infection. 
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Figure 6. Rosiglitazone treatment decreases bacterial clearance during influenza-MRSA 

super-infection. WT mice were infected with influenza or PBS for 6 days then challenged with MRSA 

for one additional day and harvested one day after MRSA infection. Mice were treated with 

rosiglitazone or vehicle (DMSO) from day 0–6 of influenza infection or PBS treatment. (A) Bacterial 

burden was measured from lung homogenate samples by bacterial plating. (B) Viral burden was 

measured by influenza M protein expression in lung by RT PCR, N = 7–8 per group. (C–G) IFNβ, 

IFNγ, STAT1, STAT2, and Mx1 expression levels were measured by RT-PCR, N = 7–8 per group. 

Data represented as mean ± SEM, * p < 0.05, ns-not significant. 
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Figure 7. Rosiglitazone treatment decreases the cellular response and genes associated with 

neutrophil activity during influenza-bacterial super-infection. WT mice were infected with influenza 

or PBS for 6 days then challenged with MRSA for one additional day. Mice were treated with 

rosiglitazone or vehicle (DMSO) from day 0-6 of influenza infection or PBS treatment and harvested 

one day after MRSA infection. The BAL cells were stained, and differential cells were counted as 

described in methods. (A) Total number of neutrophils, (B) macrophages, (C) and, lymphocytes were 

measured in BAL. (D–F) CYBB, CTSG and ELANE mRNA expression levels from lungs were 

determined by RT-PCR. (G) Frequency of CD11b+ from BAL cells were determined from influenza 

and MRSA super infection by flow cytometry (H) The representative figures were shown. N = 7–8 per 

group, Data are represented as mean ±SEM, * p < 0.05, ** p < 0.001, ns-not significant. 
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Figure 8. Rosiglitazone treatment does not affect production of inflammatory cytokines and 

chemokines during influenza-bacterial super-infection. WT mice were infected with influenza or PBS 

for 6 days then challenged with MRSA for one additional day, and harvested one day after MRSA 

infection. Mice were treated with rosiglitazone or vehicle (DMSO) from day 0–6 of influenza 

infection or PBS treatment, (N = 7–8 per group). (A–E) IL-6, IL-12p40, CCL2, CXCL9 and CXCL10 

expression levels were measured by RT-PCR, N = 7–8 per group. Relative induction of (F) IL-6, 

IL-12p40, IL-12p70, CCL2, CCL3, and CCL4 (G) IL-4, IL-10 and IL-13 levels in response to 

rosiglitazone-treated to vehicle-treated group by Luminex assay N = 7–8 per group, Data are 

represented as mean ± SEM, ns-not significant. 
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4. Discussion 

In response to influenza viral entry, the host immune system recognizes and induces 

interferons, recruits immune cells, and induces pro-inflammatory cytokines and chemokines to clear 

the virus. However, excessive inflammatory cellular recruitment along with cytokine and 

chemokine production results in lung pathology, morbidity and mortality. Several studies have 

shown that immunomodulatory agents can decrease the lung inflammatory response without 

affecting the viral clearance [44,45]. In this study, we found that influenza infection suppressed 

PPARγ expression on days 4, 8, and 12 post-infection. Despite viral burden not being detectable on 

day 12, influenza-induced inflammatory cytokines and chemokines are a possible mechanism 

involved in suppression of PPARγ late during influenza infection. It has been shown that LPS 

treatment suppress PPARγ expression in macrophages [46]. Also, studies have shown that IFNγ 

regulates PPARγ expression in adipocytes and macrophages [46,47]. Further, we found that 

IFNγsuppresses PPARγ expression during influenza and influenza-MRSA super-infection in mice 

[48]. These data suggest that inflammatory mediators, possibly IFNγ may be the mechanism 

involved in suppression of PPARγ following viral clearance. 

Next, we sought to determine the effect of rosiglitazone treatment on viral clearance, cellular 

responses, and inflammatory cytokine and chemokine responses during influenza and 

influenza-bacterial super-infection. Our results demonstrate that rosiglitazone treatment decreased 

viral burden, the number of neutrophils and macrophages, and the levels of proinflammatory 

cytokines and chemokines during influenza infection. The decrease in viral burden in response to 

rosiglitazone treatment is in accordance with previous finding by Cloutier et al. The authors have 

shown that the natural PPARγ agonist (15d-PGJ2) decreased viral titers during influenza infection 

[49]. The reduction in influenza burden due to the PPARγ agonist treatment might be due to the 

restriction of viral entry in epithelial cells or could be due to the enhanced antiviral function of 

natural killer or cytotoxic T cells. We recently found a lack of or a small fold viral titer change in 

STAT1 or STAT2 gene deficient mice infected with influenza infection. [24,26]. These studies suggest 

redundant antiviral and/or clearance mechanisms during influenza infection. Next, our results 

showed that rosiglitazone treatment decreased the expression of IFNγ during influenza infection. 

This is in accordance with the findings of Cunard et al. which showed PPARγ ligands repress the 

IFNγ promoter by interfering with c-Jun activation [50]. We did not observe a significant decrease in 

IFNβ in our study unlike the previous finding that PPARγagonists negatively regulate IFNβ 

production by preventing interferon regulatory factor 3 binding to the IFNβ promoter [51]. Our 

study further indicated that rosiglitazone treatment decreased downstream signaling agents STAT1, 

STAT2, and the ISGs Mx1, CXCL9 and CXCL10 during influenza infection. The rosiglitazone effect 

on interferon signaling was absent or less pronounced during super-infection, which may explain 

why treated mice remained increasingly susceptible to secondary bacterial infection. 

Several previous studies have found that natural and synthetic PPARγ agonists suppress the 

major inflammatory signaling pathways, such as AP-1, STAT and NF-KB signaling and inhibit 

inflammatory cytokine production [52–56]. Accordingly, our study has shown that rosiglitazone 

treatment decreased the levels of IL-6, IL-12, CCL-2 and CCL6 during influenza infection. Also, 

Cloutier et al., have shown that the natural PPARγ agonist (15d-PGJ2) decreased viral titers and 

decreased expression of IL-6, TNFα, CCL2, CCL3, and CXCL-10 during influenza infection [49]. It 

has been shown that PPARγ agonists decrease the levels of KC and G-CSF in the lungs in response to 

aerosolized lipopolysaccharide in mice [35]. Our results demonstrate that rosiglitazone does indeed 

have anti-inflammatory effects in a preclinical model of influenza infection. This raises the question 

as to why rosiglitazone is associated with increased influenza/pneumonia mortality. 

Severe influenza pneumonia is often associated with secondary bacterial infections. 

Interestingly, a previous study has shown that PPARγ agonist treatment improves bacterial 

clearance in Staphylococcus aureus skin infection [57]. In the lung, it is possible that PPARγ agonist 

mediated suppression of neutrophil activation may impair anti-bacterial host defense. Indeed, we 

observed decreased MRSA bacterial clearance in influenza-bacterial super-infected 

rosiglitazone-treated mice when compared to vehicle-treated super-infected mice. Moreover, we 
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found no differences in the gene expression levels of IFNβ, IFNγ, STAT1, STAT2, IL-6, IL-12p40, 

CCL2, CXCL9 and CXCL10, and the protein levels of IL-6, IL-12p40, IL-12p70, CCL2, CCL3 and 

CCL4 in response to rosiglitazone treatment during super-infection. These data suggest that 

rosiglitazone may worsen influenza pneumonia outcome by inhibiting bacterial host defense. In this 

setting rosiglitazone was less effective at reducing inflammatory cytokine production, perhaps 

mitigating its potential protective anti-inflammatory effect. Also, we found decreased expression of 

IFNγ, CXCL9 and CXCL10 in mice infected with MRSA and treated with rosiglitazone [58]. This 

finding in the pneumonia setting differs from S. aureus skin infection where PPARγ inhibitors 

worsened bacterial burden, implying that a PPARγagonist may be useful [59]. Another previous 

study has shown that pioglitazone treatment decreased the inflammatory response in 

influenza-induced exacerbation of chronic obstructive pulmonary disease (COPD) [60]. It is unclear 

why PPARγ agonist treatment may have different effects in the context of influenza-bacterial 

super-infections. 

In our study, we found that rosiglitazone treatment decreased the percentage of neutrophils 

and expression of genes related to neutrophil activity in both single and super-infection. Our recent 

finding that that IL-33 increases neutrophil recruitment and thereby increases bacterial clearance 

during super-infection implicates mature neutrophil function in bacterial clearance in this context 

[61]. Also, other studies have shown that rosiglitazone decreased the neutrophilic response to 

cigarette smoke-induced exacerbation by bacteria infection [62]. Accordingly, our data suggest that 

the decreased neutrophilic response might be a possible mechanism why we found decreased 

bacterial clearance during super-infection. Further, the human data from NHANES also show an 

increase in mortality-associated with rosiglitazone treatment in influenza-associated pneumonia. It 

is interesting that other anti-diabetic drugs did not have a similar association. It is possible that the 

effect of rosiglitazone on influenza infection is dependent on insulin usage and diabetes 

comorbidity. Our pre-clinical animal model did not incorporate these variables, but nonetheless 

observed an impact of rosiglitazone on bacterial super-infection. Both human and mouse data 

suggest that even though rosiglitazone decreased the viral burden and inflammation during 

primary influenza infection, it worsened bacterial clearance during influenza-associated 

pneumonia. This finding may explain the increased influenza pneumonia mortality observed in 

diabetic patients taking rosiglitazone versus other drugs. 

Supplementary Materials: The following are available online at www.mdpi.com/1999-4915/11/6/505/s1, Figure 

S1: Rosiglitazone treatment has no impact on weight loss during influenza and influenza-MRSA 

super-infection. 

Funding: This work was supported by NIH R01HL107380 (JFA). EF’s contribution was partly supported by 

NIH K08HL125666.  

Author Contributions: R.G., J.F.A., A.M., and E.F. conceived and designed the experiments, R.G., M.A.M., 

L.J.R., P.J.S., S.P., K.J.M., H.E.R., J.A.G. performed the animal experiments, R.G., M.A.M., L.J.R., P.J.S., S.P., 

K.J.M., H.E.R., J.A.G. analyzed the mice data, A.M. and E.F. analyzed the human data, R.G., A.M., E.F. and 

J.F.A. wrote the paper. 

Conflicts of interest: The authors have declared that no conflict of interest exists. 

References 

1. Iwasaki, A.; Pillai, P.S. Innate immunity to influenza virus infection. Nat. Rev. Immunol. 2014, 14, 315–328. 

2. Pulendran, B.; Maddur, M.S. Innate immune sensing and response to influenza. Curr. Top. Microbiol. 

Immunol. 2015, 386, 23–71. 

3. Tripathi, S.; White, M.R.; Hartshorn, K.L. The amazing innate immune response to influenza A virus 

infection. Innate Immun. 2015, 21, 73–98. 

4. Wu, S.; Metcalf, J.P.; Wu, W. Innate immune response to influenza virus. Curr. Opin. Infect. Dis. 2011, 24, 

235–240. 

5. McGill, J.; Heusel, J.W.; Legge, K.L. Innate immune control and regulation of influenza virus infections. J. 

Leukoc. Biol. 2009, 86, 803–812. 



Viruses 2019, 11, 505 16 of 18 

 

6. Durbin, J.E.; Fernandez-Sesma, A.; Lee, C.K.; Rao, T.D.; Frey, A.B.; Moran, T.M.; Vukmanovic, S.; 

Garcia-Sastre, A.; Levy, D.E. Type I IFN modulates innate and specific antiviral immunity. J. Immunol. 

2000, 164, 4220–4228. 

7. Durbin, R.K.; Kotenko, S.V.; Durbin, J.E. Interferon induction and function at the mucosal surface. 

Immunol. Rev. 2013, 255, 25–39. 

8. Verhelst, J.; Hulpiau, P.; Saelens, X. Mx proteins: Antiviral gatekeepers that restrain the uninvited. 

Microbiol. Mol. Biol. Rev. 2013, 77, 551–566. 

9. Haller, O.; Staeheli, P.; Schwemmle, M.; Kochs, G. Mx GTPases: Dynamin-like antiviral machines of innate 

immunity. Trends Microbiol. 2015, 23, 154–163. 

10. Korkmaz, B.; Horwitz, M.S.; Jenne, D.E.; Gauthier, F. Neutrophil elastase, proteinase 3, and cathepsin G as 

therapeutic targets in human diseases. Pharmacol. Rev. 2010, 62, 726–759. 

11. Korkmaz, B.; Moreau, T.; Gauthier, F. Neutrophil elastase, proteinase 3 and cathepsin G: Physicochemical 

properties, activity and physiopathological functions. Biochimie 2008, 90, 227–242. 

12. Damjanovic, D.; Small, C.L.; Jeyanathan, M.; McCormick, S.; Xing, Z. Immunopathology in influenza virus 

infection: Uncoupling the friend from foe. Clin. Immunol. 2012, 144, 57–69. 

13. Finelli, L.; Fiore, A.; Dhara, R.; Brammer, L.; Shay, D.K.; Kamimoto, L.; Fry, A.; Hageman, J.; Gorwitz, R.; 

Bresee, J.; et al. Influenza-associated pediatric mortality in the United States: Increase of Staphylococcus 

aureus coinfection. Pediatrics 2008, 122, 805–811. 

14. Hall, M.W.; Geyer, S.M.; Guo, C.Y.; Panoskaltsis-Mortari, A.; Jouvet, P.; Ferdinands, J.; Shay, D.K.; Nateri, 

J.; Greathouse, K.; Sullivan, R.; et al. Innate immune function and mortality in critically ill children with 

influenza: A multicenter study. Crit. Care Med. 2013, 41, 224–236. 

15. Rubinstein, E.; Kollef, M.H.; Nathwani, D. Pneumonia caused by methicillin-resistant Staphylococcus 

aureus. Clin. Infect. Dis. 2008, 46 (Suppl 5), S378–S385. 

16. Ghoneim, H.E.; Thomas, P.G.; McCullers, J.A. Depletion of alveolar macrophages during influenza 

infection facilitates bacterial superinfections. J. Immunol. 2013, 191, 1250–1259. 

17. Damjanovic, D.; Lai, R.; Jeyanathan, M.; Hogaboam, C.M.; Xing, Z. Marked improvement of severe lung 

immunopathology by influenza-associated pneumococcal superinfection requires the control of both 

bacterial replication and host immune responses. Am. J. Pathol. 2013, 183, 868–880. 

18. Sun, K.; Metzger, D.W. Inhibition of pulmonary antibacterial defense by interferon-gamma during 

recovery from influenza infection. Nat. Med. 2008, 14, 558–564. 

19. Small, C.L.; Shaler, C.R.; McCormick, S.; Jeyanathan, M.; Damjanovic, D.; Brown, E.G.; Arck, P.; Jordana, 

M.; Kaushic, C.; Ashkar, A.A.; et al. Influenza infection leads to increased susceptibility to subsequent 

bacterial superinfection by impairing NK cell responses in the lung. J. Immunol. 2010, 184, 2048–2056. 

20. Narayana Moorthy, A.; Narasaraju, T.; Rai, P.; Perumalsamy, R.; Tan, K.B.; Wang, S.; Engelward, B.; 

Chow, V.T. In vivo and in vitro studies on the roles of neutrophil extracellular traps during secondary 

pneumococcal pneumonia after primary pulmonary influenza infection. Front. Immunol. 2013, 4, 56. 

21. Li, W.; Moltedo, B.; Moran, T.M. Type I interferon induction during influenza virus infection increases 

susceptibility to secondary Streptococcus pneumoniae infection by negative regulation of gammadelta T 

cells. J. Virol. 2012, 86, 12304–12312. 

22. Nakamura, S.; Davis, K.M.; Weiser, J.N. Synergistic stimulation of type I interferons during influenza 

virus coinfection promotes Streptococcus pneumoniae colonization in mice. J. Clin. Investig. 2011, 121, 

3657–3665. 

23. Kudva, A.; Scheller, E.V.; Robinson, K.M.; Crowe, C.R.; Choi, S.M.; Slight, S.R.; Khader, S.A.; Dubin, P.J.; 

Enelow, R.I.; Kolls, J.K.; et al. Influenza A inhibits Th17-mediated host defense against bacterial 

pneumonia in mice. J. Immunol. 2011, 186, 1666–1674. 

24. Lee , B.; Gopal, R.; Manni, M.L.; McHugh, K.J.; Mandalapu, S.; Robinson, K.M.; Alcorn, J.F. STAT1 Is 

Required for Suppression of Type 17 Immunity during Influenza and Bacterial Superinfection. 

ImmunoHorizons 2017, 1, 81–91. 

25. Robinson, K.M.; McHugh, K.J.; Mandalapu, S.; Clay, M.E.; Lee, B.; Scheller, E.V.; Enelow, R.I.; Chan, Y.R.; 

Kolls, J.K.; Alcorn, J.F. Influenza A virus exacerbates Staphylococcus aureus pneumonia in mice by 

attenuating antimicrobial peptide production. J. Infect. Dis. 2014, 209, 865–875. 

26. Gopal, R.; Lee, B.; McHugh, K.J.; Rich, H.E.; Ramanan, K.; Mandalapu, S.; Clay, M.E.; Seger, P.J.; Enelow, 

R.I.; Manni, M.L.; et al. STAT2 Signaling Regulates Macrophage Phenotype During Influenza and Bacterial 

Super-Infection. Front. Immunol. 2018, 9, 2151. 



Viruses 2019, 11, 505 17 of 18 

 

27. Chinetti, G.; Fruchart, J.C.; Staels, B. Peroxisome proliferator-activated receptors: New targets for the 

pharmacological modulation of macrophage gene expression and function. Curr. Opin. Lipidol. 2003, 14, 

459–468. 

28. Moraes, L.A.; Piqueras, L.; Bishop-Bailey, D. Peroxisome proliferator-activated receptors and 

inflammation. Pharmacol. Ther. 2006, 110, 371–385. 

29. Malur, A.; McCoy, A.J.; Arce, S.; Barna, B.P.; Kavuru, M.S.; Malur, A.G.; Thomassen, M.J. Deletion of 

PPAR gamma in alveolar macrophages is associated with a Th-1 pulmonary inflammatory response. J. 

Immunol. 2009, 182, 5816–5822. 

30. Kliewer, S.A.; Lenhard, J.M.; Willson, T.M.; Patel, I.; Morris, D.C.; Lehmann, J.M. A prostaglandin J2 

metabolite binds peroxisome proliferator-activated receptor gamma and promotes adipocyte 

differentiation. Cell 1995, 83, 813–819. 

31. Willson, T.M.; Brown, P.J.; Sternbach, D.D.; Henke, B.R. The PPARs: From orphan receptors to drug 

discovery. J. Med. Chem. 2000, 43, 527–550. 

32. Purnell, J.Q.; Hirsch, I.B. New oral therapies for type 2 diabetes. Am. Fam. Physician 1997, 56, 1835–1842. 

33. Mudaliar, S.; Henry, R.R. New oral therapies for type 2 diabetes mellitus: The glitazones or insulin 

sensitizers. Annu. Rev. Med. 2001, 52, 239–257. 

34. Yki-Jarvinen, H. Combination therapies with insulin in type 2 diabetes. Diabetes Care 2001, 24, 758–767. 

35. Birrell, M.A.; Patel, H.J.; McCluskie, K.; Wong, S.; Leonard, T.; Yacoub, M.H.; Belvisi, M.G. PPAR-gamma 

agonists as therapy for diseases involving airway neutrophilia. Eur. Respir. J. 2004, 24, 18–23. 

36. Sharma, R.; Kaundal, R.K.; Sharma, S.S. Amelioration of pulmonary dysfunction and neutrophilic 

inflammation by PPAR gamma agonist in LPS-exposed guinea pigs. Pulm Pharm. Ther. 2009, 22, 183–189. 

37. Mendy, A.; Gopal, R.; Alcorn, J.F.; Forno, E. Reduced mortality from lower respiratory tract disease in 

adult diabetic patients treated with metformin. Respirology 2019, doi:10.1111/resp.13486. 

38. Robinson, K.M.; Choi, S.M.; McHugh, K.J.; Mandalapu, S.; Enelow, R.I.; Kolls, J.K.; Alcorn, J.F. Influenza A 

exacerbates Staphylococcus aureus pneumonia by attenuating IL-1beta production in mice. J. Immunol. 

2013, 191, 5153–5159. 

39. Welch, J.S.; Ricote, M.; Akiyama, T.E.; Gonzalez, F.J.; Glass, C.K. PPARgamma and PPARdelta negatively 

regulate specific subsets of lipopolysaccharide and IFN-gamma target genes in macrophages. Proc. Natl. 

Acad. Sci. USA 2003, 100, 6712–6717. 

40. Guntur, K.V.; Guilherme, A.; Xue, L.; Chawla, A.; Czech, M.P. Map4k4 negatively regulates peroxisome 

proliferator-activated receptor (PPAR) gamma protein translation by suppressing the mammalian target 

of rapamycin (mTOR) signaling pathway in cultured adipocytes. J. Biol. Chem. 2010, 285, 6595–6603. 

41. Song, Y.; Lin, Q.; Zheng, J.; Zhu, X.; Yang, S. [PPAR-gamma agonist inhibits the expressions of chemokines 

induced by IFN-gamma and TNF-alpha in renal tubular epithelial cells]. Xi Bao Yu Fen Zi Mian Yi Xue Za 

Zhi 2014, 30, 673–676. 

42. Genovese, T.; Cuzzocrea, S.; Di Paola, R.; Mazzon, E.; Mastruzzo, C.; Catalano, P.; Sortino, M.; Crimi, N.; 

Caputi, A.P.; Thiemermann, C.; et al. Effect of rosiglitazone and 15-deoxy-Delta12,14-prostaglandin J2 on 

bleomycin-induced lung injury. Eur. Respir. J. 2005, 25, 225–234. 

43. Milam, J.E.; Keshamouni, V.G.; Phan, S.H.; Hu, B.; Gangireddy, S.R.; Hogaboam, C.M.; Standiford, T.J.; 

Thannickal, V.J.; Reddy, R.C. PPAR-gamma agonists inhibit profibrotic phenotypes in human lung 

fibroblasts and bleomycin-induced pulmonary fibrosis. Am. J. Physiol. Lung Cell. Mol. Physiol. 2008, 294, 

L891–L901. 

44. Ottolini, M.; Blanco, J.; Porter, D.; Peterson, L.; Curtis, S.; Prince, G. Combination anti-inflammatory and 

antiviral therapy of influenza in a cotton rat model. Pediatr Pulmonol 2003, 36, 290–294. 

45. Rainsford, K.D. Influenza ("Bird Flu"), inflammation and anti-inflammatory/analgesic drugs. 

Inflammopharmacology 2006, 14, 2–9. 

46. Barish, G.D.; Downes, M.; Alaynick, W.A.; Yu, R.T.; Ocampo, C.B.; Bookout, A.L.; Mangelsdorf, D.J.; 

Evans, R.M. A Nuclear Receptor Atlas: Macrophage activation. Mol. Endocrinol. 2005, 19, 2466–2477. 

47. Waite, K.J.; Floyd, Z.E.; Arbour-Reily, P.; Stephens, J.M. Interferon-gamma-induced regulation of 

peroxisome proliferator-activated receptor gamma and STATs in adipocytes. J. Biol. Chem. 2001, 276, 

7062–7068. 

48. Gopal, R.; Alcorn, J.F. Department of Pediatrics, UPMC Children’s Hospital of Pittsburgh, Pittsburgh, PA, 

USA. IFNγsuppresses PPARγ expression during influenza and influenza-MRSA super-infection in mice. 

2019. 



Viruses 2019, 11, 505 18 of 18 

 

49. Cloutier, A.; Marois, I.; Cloutier, D.; Verreault, C.; Cantin, A.M.; Richter, M.V. The prostanoid 

15-deoxy-Delta12,14-prostaglandin-j2 reduces lung inflammation and protects mice against lethal 

influenza infection. J. Infect. Dis. 2012, 205, 621–630. 

50. Cunard, R.; Eto, Y.; Muljadi, J.T.; Glass, C.K.; Kelly, C.J.; Ricote, M. Repression of IFN-gamma expression 

by peroxisome proliferator-activated receptor gamma. J. Immunol. 2004, 172, 7530–7536. 

51. Zhao, W.; Wang, L.; Zhang, M.; Wang, P.; Zhang, L.; Yuan, C.; Qi, J.; Qiao, Y.; Kuo, P.C.; Gao, C. 

Peroxisome proliferator-activated receptor gamma negatively regulates IFN-beta production in Toll-like 

receptor (TLR) 3- and TLR4-stimulated macrophages by preventing interferon regulatory factor 3 binding 

to the IFN-beta promoter. J. Biol. Chem. 2011, 286, 5519–5528. 

52. Ricote, M.; Li, A.C.; Willson, T.M.; Kelly, C.J.; Glass, C.K. The peroxisome proliferator-activated 

receptor-gamma is a negative regulator of macrophage activation. Nature 1998, 391, 79–82. 

53. Appel, S.; Mirakaj, V.; Bringmann, A.; Weck, M.M.; Grunebach, F.; Brossart, P. PPAR-gamma agonists 

inhibit toll-like receptor-mediated activation of dendritic cells via the MAP kinase and NF-kappaB 

pathways. Blood 2005, 106, 3888–3894. 

54. Bai, Y.P.; Liu, Y.H.; Chen, J.; Song, T.; You, Y.; Tang, Z.Y.; Li, Y.J.; Zhang, G.G. Rosiglitazone attenuates 

NF-kappaB-dependent ICAM-1 and TNF-alpha production caused by homocysteine via inhibiting 

ERK1/2/p38MAPK activation. Biochem. Biophys. Res. Commun. 2007, 360, 20–26. 

55. Jiang, C.; Ting, A.T.; Seed, B. PPAR-gamma agonists inhibit production of monocyte inflammatory 

cytokines. Nature 1998, 391, 82–86. 

56. Reddy, R.C. Immunomodulatory role of PPAR-gamma in alveolar macrophages. J. Investig. Med. 2008, 56, 

522–527. 

57. Thurlow, L.R.; Joshi, G.S.; Richardson, A.R. Peroxisome Proliferator-Activated Receptor gamma Is 

Essential for the Resolution of Staphylococcus aureus Skin Infections. Cell Host Microbe 2018, 24, 261–270 

e264. 

58. Gopal, R.; Alcorn, J.F. Department of Pediatrics, UPMC Children’s Hospital of Pittsburgh, Pittsburgh, PA, 

USA. Rosiglitazone treatment decreases the expression of IFNγ, CXCL9 and CXCL10 in MRSA infection in 

mice. 2019. 

59. Zhang, L.J.; Guerrero-Juarez, C.F.; Hata, T.; Bapat, S.P.; Ramos, R.; Plikus, M.V.; Gallo, R.L. Innate 

immunity. Dermal adipocytes protect against invasive Staphylococcus aureus skin infection. Science 2015, 

347, 67–71. 

60. Bauer, C.M.; Zavitz, C.C.; Botelho, F.M.; Lambert, K.N.; Brown, E.G.; Mossman, K.L.; Taylor, J.D.; 

Stampfli, M.R. 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. 

61. Robinson, K.M.; Ramanan, K.; Clay, M.E.; McHugh, K.J.; Rich, H.E.; Alcorn, J.F. Novel protective 

mechanism for interleukin-33 at the mucosal barrier during influenza-associated bacterial superinfection. 

Mucosal Immunol. 2018, 11, 199–208. 

62. Morissette, M.C.; Shen, P.; Thayaparan, D.; Stampfli, M.R. Impacts of peroxisome proliferator-activated 

receptor-gamma activation on cigarette smoke-induced exacerbated response to bacteria. Eur. Respir. J. 

2015, 45, 191–200. 

 

 

© 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access 

article distributed under the terms and conditions of the Creative Commons Attribution 

(CC BY) license (http://creativecommons.org/licenses/by/4.0/). 


