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a b s t r a c t 

Background: Mitochondria play a key role in immune defense pathways, particularly for macrophages. We 

and others have previously demonstrated that cystic fibrosis (CF) macrophages exhibit weak autophagy 

activity and exacerbated inflammatory responses. Previous studies have revealed that mitochondria are 

defective in CF epithelial cells, but to date, the connection between defective mitochondrial function and 

CF macrophage immune dysregulation has not been fully elucidated. Here, we present a characterization 

of mitochondrial dysfunction in CF macrophages. 

Methods: Mitochondrial function in wild-type (WT) and CF F508del/F508del murine macrophages was 

measured using the Seahorse Extracellular Flux analyzer. Mitochondrial morphology was investigated us- 

ing transmission electron and confocal microscopy. Mitochondrial membrane potential (MMP) as well as 

mitochondrial reactive oxygen species (mROS) were measured using TMRM and MitoSOX Red fluorescent 

dyes, respectively. All assays were performed at baseline and following infection by Burkholderia ceno- 

cepacia , a multi-drug resistant bacterium that causes detrimental infections in CF patients. 

Results: We have identified impaired oxygen consumption in CF macrophages without and with B. ceno- 

cepacia infection. We also observed increased mitochondrial fragmentation in CF macrophages following 

infection. Lastly, we observed increased MMP and impaired mROS production in CF macrophages follow- 

ing infection with B. cenocepacia . 

Conclusions: The mitochondrial defects identified are key components of the macrophage response to 

infection. Their presence suggests that mitochondrial dysfunction contributes to impaired bacterial killing 

in CF macrophages. Our current study will enhance our understanding of the pathobiology of CF and lead 

to the identification of novel mitochondrial therapeutic targets for CF. 

Published by Elsevier B.V. on behalf of European Cystic Fibrosis Society. 

This is an open access article under the CC BY-NC-ND license 

( http://creativecommons.org/licenses/by-nc-nd/4.0/ ) 
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Abbreviations: CF, cystic fibrosis; WT, wild-type; MMP, mitochondrial membrane 

otential; mROS, mitochondrial reactive oxygen species production; UPR, unfolded 

rotein response; OCR, oxygen consumption rate; ETC, electron transport chain; 

EM, standard error of the mean; BR, basal respiration; MR, maximal respira- 

ion; SRC, spare respiratory capacity; NT, no treatment; HI, heat-inactivated; LPS, 

ipopolysaccharide. 
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. Introduction 

Dysfunctional macrophages are key contributors to the chronic 

nfection and inflammation observed in cystic fibrosis (CF). Specif- 

cally, CF macrophages have defective autophagy, a cellular process 

hat generates energy during stress or starvation but also removes 

athogens [ 1 , 2 ]. We previously demonstrated that CF macrophages 

re permissive to Burkholderia cenocepacia ( B. cenocepacia ) infec- 

ion due to impaired autophagy [1] . This bacterium infects 3–5% of 

F patients and exhibits multi-drug resistance, association with a 

apid decline in clinical course, and high mortality [3] . 

Mitochondria are key regulators of the macrophage infec- 

ion response, an interaction termed “immunometabolism” [4] . 

hen infected, healthy macrophages repurpose their mitochon- 

ria to increase mitochondrial reactive oxygen species (mROS) 

roduction while decreasing ATP production [5] . mROS promote 

ro-inflammatory macrophage activation and directly kill bacteria 

 4 , 6 , 7 ]. Reduced ATP production decreases the mitochondrial mem- 

rane potential (MMP) if left unchecked [8] . However, the MMP is 

ustained by the hydrolysis of glycolytic ATP [8] . Thus, reduced mi- 

ochondrial respiration is matched by increased glycolysis to pro- 

ide ATP [4] . 

Mitochondrial abnormalities exist in CF epithelial cells, in- 

luding impaired oxygen consumption, increased mROS, and ox- 

dative stress [9–12] . However, the role of mitochondria in CF 

acrophage dysfunction has not been fully elucidated. One study 

dentified altered mitochondrial oxygen consumption in human CF 

acrophages resulting from an upregulated unfolded protein re- 

ponse (UPR) pathway [13] . To fully understand the connection be- 

ween mitochondrial and macrophage dysfunction in CF, it is crit- 

cal to focus on the mitochondria and characterize their full set 

f defects in the absence and presence of infection. This approach 

ill provide the necessary groundwork to identify impaired im- 

unometabolism pathways contributing to CF macrophage dys- 

unction. 

Here, we report one such characterization using murine wild- 

ype (WT) and CF F508del/F508del (CF) macrophages. We have 

dentified several defects in CF mitochondria, including an im- 

aired ability to respond to an increased energy demand at base- 

ine and following B. cenocepacia infection and increased mitochon- 

rial fragmentation and MMP along with impaired mROS produc- 

ion following infection. This suggests that mitochondrial dysfunc- 

ion contributes to impaired bacterial killing in CF macrophages. 

verall, our current study provides novel insights into the path- 

ays contributing to CF macrophage dysfunction. 

. Methods 

.1. Ethics statement 

Animal experiments were performed according to protocols ap- 

roved by the Institutional Animal Care and Use Committee of The 

hio State University (Columbus, OH, USA). 

.2. Murine bone marrow-derived macrophages 

WT C57BL/6 J mice (JAX stock #0 0 0 6 64) were purchased from 

he Jackson Laboratory (Bar Harbor, MD, USA). CF F508del/F508del 

ice on a C57BL/6 J background (hereafter referred to as “CF”) 

ere obtained from Case Western Reserve University’s CF Mouse 

odels Core (Cleveland, OH, USA). All mice were housed in a 

athogen-free animal facility at The Ohio State University. Primary 

one marrow-derived macrophages were generated and cultured 

s described [14] . 
2 
.3. Bacterial strains and culture 

B. cenocepacia MH1K is a gentamicin-sensitive mutant of strain 

56–2, a clinical isolate from a CF patient [15] . It was cultured as 

escribed [2] . MH1K was heat-inactivated at 60 °C for 25 min. 

Macrophages were infected at MOI 10 (live bacteria) or MOI 

0 (heat-inactivated bacteria) for 1 h as described [ 14 , 16 ]. Fol-

owing the infection, macrophages were treated with 50 μg/mL 

entamicin for 0.5 h to inhibit extracellular bacterial replica- 

ion. The addition of gentamicin was considered the 0 h time 

oint. 

.4. Seahorse extracellular flux analysis 

Macrophages were seeded (70,0 0 0 cells/well) in a Seahorse 24- 

ell plate (Agilent Technologies). Macrophages underwent a Cell 

ito Stress Test in an XFe24 analyzer according to the manu- 

acturer’s protocol. The XF assay media was supplemented with 

0 mM glucose, 1 mM sodium pyruvate, and 2 mM L -glutamine. 

lectron transport chain (ETC) inhibitors were sequentially added 

o modulate oxygen consumption for mitochondrial function as- 

essment: oligomycin (1 μM), FCCP (2 μM for non-infected, 1 μM 

or infected WT, and 1.5 μM for infected CF), and rotenone + an- 

imycin A (0.5 μM). Inhibitor concentrations were optimized for 

ach genotype and treatment condition. Results were normalized 

o protein content measured using the Bradford method. Mitochon- 

rial function parameters were calculated as described in the man- 

facturer’s protocol. 

.5. Immunoblotting 

Macrophages were lysed in TRIzol (ThermoFisher Scientific 

15596018). Protein was extracted according to the manufacturer’s 

rotocol. Equal protein amounts were separated on a 15% or 13.5% 

DS-PAGE gel and transferred to a PVDF membrane. Membranes 

ere incubated overnight with the following antibodies: citrate 

ynthase (1:10 0 0, Cell Signaling Technologies #14309), Tom20 

1:10 0 0, Sigma #WH0 0 09804M1), cytochrome c (1:10 0 0, Cell Sig- 

aling Technologies #11940), and GAPDH (1:10 0 0, Cell Signaling 

echnologies #14C10). Protein bands were detected and analyzed 

s described [14] . 

.6. Microscopy 

For electron microscopy, macrophages were seeded on 2-well 

ermanox Lab-Tek chamber slides (Nunc 177429). Macrophages 

ere fixed as described [1] . Sample processing and imaging was 

erformed at the Campus Microscopy and Imaging Facility at The 

hio State University as described [1] . Mitochondrial morphology 

as manually quantified using ImageJ software (National Institutes 

f Health, Bethesda, MD) as described [ 17 , 18 ]. 

For fluorescence microscopy, macrophages were seeded on 

lass coverslips and stained with 250 nM MitoTracker Deep 

ed (Thermo Fisher Scientific M22426) for 15 min before infec- 

ion. Macrophages were stained with 1 μg/mL Hoechst 33342 

Thermo Fisher Scientific 62249) for 15 min before fixation 

ith 4% paraformaldehyde for 0.5 h. Images were captured us- 

ng an Olympus Fluoview FV10i laser scanning confocal micro- 

cope with a 60x objective. MitoTracker was pseudocolored in 

ed. 

.7. TMRM assay 

Macrophages were seeded (10 0,0 0 0 cells/well) in a black 96- 

ell plate. Thirty minutes before the time point, macrophages 

ere washed once in PBS and stained with 20 nM TMRM (Thermo 
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Fig. 1. Mitochondria in CF macrophages are less capable of responding to an increased energy demand at baseline and following B. cenocepacia infection. Seahorse Cell Mito 

Stress Test performed in WT and CF macrophages at baseline (NT = no treatment) or following 5 h B. cenocepacia ( B.c. ) infection . (A-B) Oxygen consumption rate (OCR) was 

measured following the addition of ETC inhibitors to investigate mitochondrial function. (C-E) Mitochondrial function parameters calculated from (A-B). Graphs show mean 

and SEM. N = 7 WT and CF mice. Statistics: Linear mixed effects model with Holm’s post-test. ∗ , p ≤ 0.05; ∗∗ , p ≤ 0.01; ∗∗∗ , p ≤ 0.001; ∗∗∗∗ , p ≤ 0.0 0 01. 
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isher Scientific T668) in imaging medium (10 mM HEPES, 1.8 mM 

aCl 2 , 1 mM MgCl 2 , and 0.1% glucose in PBS). Fluorescence was 

easured on a SpectraMax i3x microplate reader at 548/574 nm 

nd then normalized to cell number counted using a SpectraMax 

iniMax 300 Imaging Cytometer. 

.8. ATP assay 

Total ATP levels were measured using an ATP Detection As- 

ay Kit (Cayman Chemical 700410). Macrophages were seeded 

10 0,0 0 0 cells/well) in a 96-well plate. Macrophages were washed 

nce in PBS and lysed in 1X Sample Buffer (200 μL/well). The 

ysates were diluted 1:10 in 1X Sample Buffer. The assay was per- 

ormed according to the manufacturer’s protocol. Luminescence 

as measured on a SpectraMax M5 microplate reader. An ATP 
3 
tandard curve was used to calculate ATP concentration, which was 

ormalized to cell number as described in Section 2.7 . 

.9. MitoSOX and DCFDA assays 

Macrophages were seeded (10 0,0 0 0 cells/well) in a black 96- 

ell plate and stained with 5 μM MitoSOX Red (Thermo Fisher Sci- 

ntific M36008) for 0.5 h or 10 μM CM-H 2 DCFDA (Thermo Fisher 

cientific C6827) in imaging medium for 1 h before infection. 

his medium was used for the entire experiment to avoid fluores- 

ence interference. Fluorescence was measured on a SpectraMax 

3x microplate reader at 510/580 nm for MitoSOX and 485/515 nm 

or DCFDA and then normalized to cell number as described in 

ection 2.7 . 
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Fig. 2. Decreased oxygen consumption in CF macrophages is not due to a difference in mitochondrial mass. Immunoblot for mitochondrial proteins in WT and CF 

macrophages at baseline (NT) and following 6 h B. cenocepacia ( B.c. ) infection. (A) Representative immunoblots. (B-D) Densitometry analysis. Graphs show mean and SEM. 

N = 5 WT and CF mice. Statistics: Linear mixed effects model with Holm’s post-test. 
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.10. Statistical analysis 

Data were analyzed using SAS 9.4 (SAS Institute Inc., NC). All 

gures display mean and standard error of the mean (SEM) from 

t least three independent biological replicates or, for Fig. 3 , 14–

6 images from one biological replicate. Since independent biolog- 

cal replicates were analyzed, paired t-tests for two group compar- 

sons or linear mixed effects models for multiple group compar- 

sons were used to account for correlations among WT and CF ob- 

ervations from the same replicate. A two-way ANOVA was used 

or Fig. 3 . P-values were adjusted with Holm’s procedure for mul- 

iple comparisons. An adjusted p-value < 0.05 was considered sta- 

istically significant. 

. Results 

.1. CF macrophage mitochondria are less capable of responding to 

n increased energy demand at baseline and following B. 

enocepacia infection 

We began our mitochondrial function analysis using the Sea- 

orse Analyzer, which monitors the oxygen consumption rate 

OCR) in live cells ( Fig. 1 A-B). ETC inhibitors (oligomycin, FCCP, and 

otenone + antimycin A) were sequentially added to modulate the 

CR readings, which were then used to calculate several mitochon- 

rial function parameters ( Fig. 1 C-E). 

In non-infected macrophages, we observed no difference in 

asal respiration (BR) between WT and CF ( Fig. 1 C). BR repre- 

ents respiration used to meet the endogenous ATP demand [19] . 
4 
owever, we observed significantly decreased maximal respira- 

ion (MR) and spare respiratory capacity (SRC) in CF versus WT 

acrophages ( Fig. 1 D-E). MR and SRC are both mitochondrial fit- 

ess indicators that represent how hard mitochondria can work 

hen stressed and how capable they are at responding to an in- 

reased energy demand, respectively [19] . Thus, at baseline, CF 

acrophage mitochondria cannot work as hard as WT macrophage 

itochondria and are less capable of increasing their function to 

eet an energy demand. 

We next measured the OCR starting 5 h post-infection with 

. cenocepacia . Both WT and CF macrophages significantly de- 

reased their BR, MR, and SRC with infection ( Fig. 1 C-E). 

his reflects the mitochondrial repurposing that occurs follow- 

ng infection. However, infected CF macrophages had a sig- 

ificantly lower MR and SRC than infected WT macrophages 

 Fig. 1 D-E). Together, these data reveal that CF macrophage 

itochondria are less fit than WT macrophage mitochondria 

t baseline and that B. cenocepacia infection exacerbates this 

efect. 

.2. Decreased oxygen consumption in CF macrophages is not due to 

 difference in mitochondrial mass 

Reduced OCR readings could be due to a defect in mitochon- 

rial function or a decrease in mitochondrial mass. To distinguish 

etween these possibilities, we examined mitochondrial mass via 

mmunoblotting for three proteins from multiple mitochondrial 

ompartments: Tom20, cytochrome c, and citrate synthase [20–22] . 

onitoring multiple compartments is necessary because outer mi- 
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Fig. 3. B. cenocepacia infection induces mitochondrial fragmentation in CF macrophages. Microscopy analysis of mitochondrial morphology in WT and CF macrophages at 

baseline (NT) and following 6 h B. cenocepacia ( B.c. ) infection. (A) Representative electron microscopy images taken at 22,500x magnification. Several mitochondria are 

indicated with arrows. (B-D) Mitochondrial morphology parameters calculated from electron microscopy images. Parameters were calculated for individual mitochondria 

then averaged per image. For the elongation and interconnectivity graphs, sketches next to the y-axis indicate the morphology represented by low vs. high scores. Graphs 

show mean and SEM. N = 1 WT and CF mouse; 14–16 images analyzed per condition. Statistics: Two-way ANOVA with Holm’s post-test. ∗ , p ≤ 0.05; ∗∗ , p ≤ 0.01; ∗∗∗ , 

p ≤ 0.001; ∗∗∗∗ , p ≤ 0.0001. (E) Representative fluorescence microscopy images. MitoTracker Deep Red was used to stain the mitochondria. Hoechst 33342 was used to stain 

the macrophage nuclei and B. cenocepacia . 
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ochondrial membrane proteins may be degraded independently 

f the rest of the mitochondrion [ 21 , 22 ]. We observed no signif-

cant differences in expression between WT and CF macrophages 

t baseline or following B. cenocepacia infection ( Fig. 2 ). Therefore, 

he decreased OCR readings observed in CF macrophages are due 

o mitochondrial dysfunction and not a decrease in mitochondrial 

ass. 
5 
.3. B. cenocepacia infection induces mitochondrial fragmentation in 

F macrophages 

Mitochondrial dysfunction is associated with changes in mi- 

ochondrial morphology [23] . We used transmission electron mi- 

roscopy to examine three morphological parameters: area, elon- 

ation, and interconnectivity. Elongation represents mitochondrial 
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Fig. 4. Mitochondria in CF macrophages have a higher mitochondrial membrane potential following B. cenocepacia infection. TMRM (A) and ATP (B) assays performed in WT 

and CF macrophages at baseline (NT) and following B. cenocepacia ( B.c. ) infection. RFU = Relative fluorescence units. Graphs show mean and SEM. N = 3 WT and CF mice 

for (A) and N = 4 WT and CF mice for (B). Statistics: Linear mixed effects model with Holm’s post-test for each time point. ∗ , p ≤ 0.05; ∗∗ , p ≤ 0.01. 
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hape with lower values signifying rounded, fragmented mitochon- 

ria [18] . Interconnectivity represents how connected the mito- 

hondria are with lower scores signifying fragmentation [18] . At 

aseline, we observed no significant differences in WT and CF mi- 

ochondrial morphology ( Fig. 3 A-D). However, following 6 h of B. 

enocepacia infection, CF mitochondria had significantly lower area, 

longation, and interconnectivity scores compared to WT mito- 

hondria ( Fig. 3 A-D). We were also able to observe these morpho- 

ogical changes using fluorescence microscopy. Following infection, 

T mitochondria appeared in an interconnected, elongated net- 

ork, while CF mitochondria appeared rounded and fragmented 

 Fig. 3 E). This suggests that B. cenocepacia infection induces CF mi- 

ochondria fragmentation. 

.4. CF macrophage mitochondria have a higher mitochondrial 

embrane potential following B. cenocepacia infection 

The metabolic shift from mitochondrial respiration to glycoly- 

is with infection results in an increased MMP. We used TMRM, 

 fluorescent dye that accumulates in mitochondria as the MMP 

ncreases, to investigate this shift. At baseline, we observed no 

ignificant difference in MMP between WT and CF macrophages 

 Fig. 4 A). Following B. cenocepacia infection, both WT and CF 

acrophages increased their MMP, a trend which reached sig- 

ificance at 8 h. This is indicative of the glycolytic shift. How- 

ver, infected CF macrophages had a significantly higher MMP 

han infected WT macrophages at the 8 h time point ( Fig. 4 A).

his suggests that CF macrophages are more glycolytic than WT 

acrophages following infection. 

Next, we measured total ATP levels. Glycolysis is less efficient 

han mitochondrial respiration at producing ATP, so although gly- 

olysis is upregulated, infected macrophages experience a decrease 

n total ATP levels [5] . We observed no difference in ATP levels be-

ween WT and CF macrophages at baseline or following 3 or 6 h 

f B. cenocepacia infection ( Fig. 4 B). Following 8 h of infection, both

T and CF macrophages significantly decreased their total ATP lev- 

ls ( Fig. 4 B). This further demonstrates that infected WT and CF 

acrophages have undergone the glycolytic shift. However, we ob- 

erved no difference in total ATP levels between infected WT and 

F macrophages. 

.5. CF macrophage mitochondria produce less mitochondrial ROS 

ollowing B. cenocepacia infection 

mROS play a key role in promoting inflammation and bacte- 

ial killing following infection. Elevated mROS levels were previ- 

usly reported in CF epithelial cells [ 10 , 12 , 24 ]. We investigated

hether mROS levels were also altered in CF macrophages using 
6 
itoSOX Red, a fluorescent dye that detects mitochondrial super- 

xide. At baseline, we observed no statistically significant differ- 

nce in mROS between WT and CF macrophages ( Fig. 5 A). Follow- 

ng B. cenocepacia infection, both WT and CF macrophages similarly 

ncreased mROS over baseline levels ( Fig. 5 B). 

Previously, we demonstrated that CF macrophages allow a sig- 

ificantly higher bacterial burden than WT macrophages due to 

efective autophagy [ 1 , 2 ]. It is possible that this higher bacte- 

ial burden masks an mROS production defect in CF macrophages. 

herefore, we repeated the MitoSOX assay using heat-inactivated 

. cenocepacia to ensure equal bacterial burdens between WT and 

F macrophages. We verified that heat-inactivated B. cenocepacia 

o not replicate by preparing overnight cultures, which showed 

o growth (data not shown). Both WT and CF macrophages in- 

reased mROS over baseline levels following heat-killed B. ceno- 

epacia infection ( Fig. 5 C). However, starting at 2 h post infection, 

F macrophages began to slow down mROS production compared 

o WT macrophages, a trend which reached significance at 8 h 

 Fig. 5 C). This reveals that a difference in bacterial burden is mask- 

ng an mROS production defect. Overall, these results demonstrate 

hat mROS production is impaired in infected CF macrophages. 

For comparison, we measured ROS production in the whole 

ell using the fluorescent dye DCFDA. We observed no signifi- 

ant difference in cellular ROS production between WT and CF 

acrophages at baseline or following live or heat-killed B. ceno- 

epacia infection ( Fig. 5 D-F). 

. Discussion 

CF mitochondrial defects were identified in the 1970s, but with 

ost research focused on the CFTR channel, there is still much we 

o not know about mitochondrial dysfunction in CF. The rapidly 

eveloping field of immunometabolism has highlighted the criti- 

al role that mitochondria play in governing macrophage function. 

e investigated this role in CF by characterizing mitochondrial 

efects in CF macrophages. Our study has revealed key defects 

n oxygen consumption, mitochondrial morphology, mROS produc- 

ion, and MMP in CF macrophage mitochondria at baseline and 

ollowing B. cenocepacia infection. Since we utilized bone marrow- 

erived macrophages, these findings demonstrate that mitochon- 

rial dysfunction is intrinsic to CF macrophages and exists prior to 

xposure to infection and the inflammatory lung environment. 

Impaired mitochondrial oxygen consumption was previously 

dentified in CF epithelial cells [9–11] . We also observed impaired 

xygen consumption in CF macrophages, including a significantly 

ower MR and SRC at baseline and following infection. This in- 

icates that CF mitochondria are less capable of responding to 

n increased energy demand. However, a recent study observed 
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Fig. 5. Mitochondria in CF macrophages produce less mitochondrial ROS following B. cenocepacia infection. MitoSOX (A-C) and DCFDA (D-F) assays performed in WT and CF 

macrophages at baseline (NT) and following infection with live or heat-inactivated (HI) B. cenocepacia ( B.c. ). Graphs show mean and SEM. N = 10–14 WT and CF mice for 

(A), N = 5–7 WT and CF mice for (B), N = 5–7 WT and CF mice for (C), N = 8–10 WT and CF mice for (D), N = 5–7 WT and CF mice for (E), and N = 3 WT and CF mice for 

(F). Statistics: Two-tailed paired t -test for each time point. ∗ , p ≤ 0.05. 
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he opposite effect following interferon- γ + lipopolysaccharide 

LPS) stimulation where human CF macrophages had increased BR, 

R, and SRC versus non-CF macrophages [13] . These data sug- 

est that CF macrophages’ metabolic response depends on the 

ro-inflammatory stimulus. This possibility is corroborated by a 

tudy in human monocytes that revealed stimuli-specific metabolic 

rofiles for monocytes activated with LPS versus whole pathogen 

ysate [23] . 

Although we observed no difference in mitochondrial mass be- 

ween WT and CF macrophages, we did observe increased frag- 

entation of CF mitochondria following B. cenocepacia infection. 

odulating mitochondrial morphology is one way in which bac- 

eria promote their survival during infections. Legionella pneu- 

ophilia, for instance, directly interacts with macrophage mito- 

hondria to induce fragmentation and damage, which promotes 

ost cell glycolysis that supports efficient bacterial replication [25] . 

F pathogens have been described exhibiting similar behaviors. 

seudomonas (P.) aeruginosa can promote mitochondrial fragmenta- 

ion in epithelial cells [26] . Another study in epithelial cells found 

hat P. aeruginosa uses succinate released by damaged mitochon- 

ria to drive airway colonization [27] . In macrophages, Mycobac- 

erium abscessus was described interacting with mitochondria us- 

ng glycopeptidolipids to regulate dissemination via apoptosis [28] . 

t is likely that B. cenocepacia also modulates mitochondrial mor- 

hology for its own benefit. The higher bacterial burden in CF 

acrophages may exacerbate this effect. Future studies will be 

eeded to identify the mechanisms driving B. cenocepacia -induced 

itochondrial fragmentation and how this contributes to its sur- 

ival. 
7 
When responding to an infection, macrophages undergo a gly- 

olytic shift to polarize into a pro-inflammatory M1 state [4] . Al- 

ernatively, macrophages can polarize into an anti-inflammatory 

2 state [4] . It has been suggested that CF macrophages exhibit 

n M2 polarization defect [13] . Our data revealed that following 

. cenocepacia infection, both WT and CF macrophages increased 

MP and decreased total ATP levels, indicating a glycolytic shift. 

owever, CF macrophages had a significantly higher MMP than WT 

acrophages, suggesting that infected CF macrophages are more 

lycolytic. Enhanced glycolysis in M1 macrophages combined with 

n M2 polarization defect may contribute to the exacerbated in- 

ammatory responses observed in CF macrophages [ 1 , 29 ]. Identifi- 

ation of the individual contributions of glycolysis and mitochon- 

rial respiration to the total ATP pool will be needed to confirm 

hat infected CF macrophages are more glycolytic. 

mROS serve a key role in the macrophage infection response 

y promoting inflammation and directly killing bacteria. Stud- 

es with CF epithelial cells revealed increased mROS production 

 10 , 12 , 24 ]. However, our study with CF macrophages revealed de-

reased mROS production following heat-killed B. cenocepacia in- 

ection. This suggests that cell type-specific alterations in mROS 

roduction exist in CF. It seems that CF epithelial cells overproduce 

ROS, but CF macrophages instead underproduce mROS. 

Our finding of impaired mROS production in B. cenocepacia - 

nfected CF macrophages has interesting implications regarding 

acterial killing. Studies in healthy macrophages have demon- 

trated that impairing mROS production results in defective bac- 

erial killing [ 6 , 7 ]. Reduced mROS production may contribute to 

efective bacterial killing in CF macrophages in conjunction with 
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mpaired autophagy. Future work will be needed to investigate the 

ole of mROS in bacterial killing in CF macrophages. 

The link between CFTR dysfunction and mitochondrial dysfunc- 

ion is currently unclear, but there are several hypotheses. One 

uggests that the chloride anion acts as a second messenger con- 

rolling the expression of genes regulating mitochondrial function 

30] . Another suggests that accumulation of the misfolded CFTR 

rotein upregulates the UPR pathway that then alters mitochon- 

rial function [13] . What is clear is that mitochondrial dysfunction 

s an outcome of CF. Mitochondria play a critical role in the cell 

eyond producing ATP, especially in macrophages where they reg- 

late the host infection response. Correcting mitochondrial defects 

ay improve CF macrophage function. Future work building off of 

ur current findings will help to identify mitochondria-based ther- 

peutic targets that will contribute to resolving the chronic infec- 

ion and inflammation characterizing CF. 
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