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Abstract

Phosphatase and tensin homolog deleted on chromosome 10 (PTEN) is a tumor suppressor best 

known for regulating cell proliferation and metabolism. PTEN forms a complex with the cystic 

fibrosis (CF) transmembrane conductance regulator (CFTR) at the plasma membrane, and this 

complex is known to be functionally impaired in CF. Here, we demonstrated that the combined 

effect of PTEN and CFTR dysfunction stimulates mitochondrial activity, resulting in excessive 

release of succinate and reactive oxygen species. This environment promoted the colonization of 

the airway by Pseudomonas aeruginosa, bacteria that preferentially metabolize succinate, and 

stimulated an anti-inflammatory host response dominated by immune-responsive gene 1 (IRG1) 

and itaconate. The recruitment of myeloid cells induced by these strains was inefficient in clearing 

the infection and increased numbers of phagocytes accumulated under CFTR-PTEN axis 

dysfunction. This central metabolic defect in mitochondrial function due to impaired PTEN 

activity contributes to P. aeruginosa infection in CF.

INTRODUCTION

The pulmonary pathology associated with cystic fibrosis (CF) consists of dysregulated 

airway inflammation and excess reactive oxygen species (ROS) that fail to eradicate 

infection, typically due to Pseudomonas aeruginosa, in over 70% of patients (1, 2). In 

addition to its function as a chloride channel, membrane-attached CF transmembrane 

conductance regulator (CFTR) normally acts as a scaffold for several proteins, including the 

phosphatase and tensin homolog deleted on chromosome 10 (PTEN), resulting in 

substantially diminished PTEN activity in cells harboring CFTR mutations (3). PTEN is a 

central regulator of cell metabolic activity. It is involved in glycolysis and lipid and 

mitochondrial oxidative metabolism and also controls the activity of phosphatidylinositol 3-

kinase (PI3K) by regulating Akt and numerous downstream effectors (4–6). In response to 

increased metabolic requirements, such as during infection, cells use aerobic glycolysis to 

generate energy (4, 7). Increased glycolysis fills the energetic gap left by mitochondria, 

whose function is repurposed to produce ROS (anion superoxide: O2*−) as well as pro- and 

anti-inflammatory metabolites during infection. Whether PTEN deregulation in CF affects 

the mitochondrial reaction to infection remains poorly characterized.

The metabolic response of phagocytes and epithelial cells to bacterial infection can have 

major immunological consequences. Cytosolic succinate promotes the stabilization of 

hypoxia-induced factor 1α (HIF1α), a transcription factor (fig. S1A) (8) that, along with 

mitochondrial ROS, induces the generation of the potent proinflammatory cytokine 

interleukin-1β (IL-1β) (9, 10). IL-1β and ROS responses are important in fighting infection 

but must be regulated to avoid excessive tissue damage. Inflammatory signaling is limited, in 

part, by the immune-responsive gene 1 (IRG1). In response to lipopolysaccharide (LPS), 
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IRG1 converts cis-aconitate into itaconate (fig. S1A), a metabolite with central anti-

inflammatory functions (11). Itaconate inhibits the activity of succinate dehydrogenase 

(SDH; which is complex II in mitochondrial respiration and a major source of mitochondrial 

ROS), limiting its toxic effects and IL-1β production (12, 13). Decreased SDH activity 

results in the accumulation and release of succinate from mitochondria, and this metabolite 

is able to reach the extracellular milieu (12, 14). Such excreted succinate would be expected 

to favor the colonization of the airway by microbes that preferentially metabolize the 

compound. PTEN-deficient epithelial cells and patients with PTEN mutations have been 

noted to have increased mitochondrial ROS and increased extracellular succinate, 

respectively, suggesting that this phosphatase might also regulate the accumulation of ROS 

and succinate in CF cells (6, 15, 16).

We postulated that the lack of PTEN function in CF mitochondria would affect the normal 

succinate/itaconate balance that regulates the response to infection. Without the appropriate 

regulatory function of PTEN, we expected that ROS would accumulate in cells, increasing 

compensatory anti-inflammatory IRG1 activity, in turn inhibiting SDH activity and resulting 

in excessive succinate release. We hypothesized that P. aeruginosa, bacteria that 

preferentially consume succinate as directed by their catabolite repressor locus (crc) (17–

21), would then consume the abundant succinate in the CF airway, facilitating lung 

colonization and persistent infection. In this study, we demonstrate how PTEN contributes to 

mitochondrial metabolism by affecting both IRG1 and succinate production, with important 

consequences on airway inflammation and the selection of P. aeruginosa adapted for chronic 

infection.

RESULTS

PTEN deficiency triggers pro-oxidant mitochondrial metabolism

We used human epithelial cell lines lacking PTEN to establish the importance of PTEN in 

the mitochondrial metabolic pathways that regulate host immunity (fig. S1A). Compared 

with PTEN-sufficient cells, there was a slight but significant increase (P < 0.01) in the 

mitochondrial membrane potential (ΔΨ) (fig. S1B) and a significant generation of oxidants 

(P < 0.0001) in the PTEN-null cells (Fig. 1, A and B). This confirmed previous findings with 

other PTEN-null cell lines (15) and suggested a dysfunction in mitochondrial metabolism. 

We observed altered metabolism of tricarboxylic acid (TCA) cycle intermediates, with 

significantly (P < 0.05) increased mitochondrial assimilation of isocitrate (Fig. 1C) and 

increased isocitrate dehydrogenase (IDH) protein (P < 0.0001) (Fig. 1D), both of which have 

immunoregulatory activity (22, 23). IDH-mediated isocitrate catabolism produces NADH 

(reduced form of nicotinamide adenine dinucleotide), which stimulates mitochondrial 

complex I and ROS production (fig. S1A) (24, 25). We also observed increased cellular 

assimilation of glyceraldehyde-3-phosphate (G3P) (fig. S1C), another potential pro-ROS 

complex I and II stimulator (26) in the absence of PTEN. These findings suggested that a 

lack of PTEN induces increased mitochondrial and cellular assimilation of metabolites that 

predominantly feed ROS production through complex I.
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Lack of PTEN drives antioxidant IRG1 function and succinate accumulation

We hypothesized that the excessive ROS production observed in PTEN-deficient 

mitochondria could force the cell to trigger an antioxidant response. Although PTEN did not 

control mitochondrial succinate uptake (Fig. 1C) or cellular SDH amounts (complex II) (Fig. 

1E), we observed that total SDH activity was significantly decreased in PTEN−/− cells 

compared with wild-type (WT) controls (P < 0.0001) (Fig. 1F), consistent with inhibition of 

mitochondrial complex II to balance ROS production (12, 27). We also noted significantly 

increased expression of the SDH inhibitor and antioxidant IRG1 in PTEN−/− cells (P < 

0.0001) (Fig. 1G) (12). SDH inactivation by IRG1 was accompanied by increased excretion 

of succinate (Fig. 1H). We confirmed that released succinate was not derived from 

glutamine/GABA (γ-aminobutyric acid) metabolism (fig. S1A), as assimilation of both 

intermediates was unchanged in the absence of PTEN (Fig. 1C) and HIF1α was not 

increased (fig. S2) (9).

Succinate secretion due to lack of PTEN is compounded by P. aeruginosa infection

Succinate excretion and IRG1 activity are normally increased in response to infection (12). 

We next examined how PTEN would contribute to succinate secretion in response to the 

major CF pathogen P. aeruginosa. In WT epithelial cells and alveolar macrophages exposed 

to P. aeruginosa, we observed that depletion of PTEN was accompanied by increased release 

of succinate, both in vivo (fig. S3) and in vitro (Fig. 1, H and I). Pulmonary infection in mice 

lacking PTEN-long, the translational variant of PTEN that is specifically involved in 

mitochondrial regulation (3, 28, 29), was associated with 10-fold greater succinate 

accumulation into the airways than WT controls, reaching concentrations up to 500 mM 

(Fig. 1J). Thus, in the setting of P. aeruginosa infection, PTEN deficiency is associated with 

even greater succinate release than in normal cells.

PTEN deficiency drives ROS and IRG1-SDH deregulation in CF mitochondria

Having found that PTEN function is important in regulating mitochondrial ROS and the 

succinate/itaconate balance, we examined whether PTEN dysfunction contributes to the 

increased ROS production that characterizes the inflammatory component of CF airway 

disease (1, 30). Using confocal imaging, we demonstrated in human epithelial cells that the 

majority of CFTR pixels within mitochondrial boundaries colocalized with the 

mitochondrial outer membrane protein TOMM20 (Fig. 2, A to D). The majority of CFTR 

(77%) was outer membrane associated, and of that fraction, 69% colocalized with PTEN, 

consistent with the formation of a functional complex.

We replenished PTEN, reduced in CF cells (fig. S4), in ΔF508/ΔF508 CFTR human 

epithelial cell lines to establish its role in mitochondrial function. Transfection of CF cells 

with a PTEN-GFP–encoding adenovirus [green fluorescent protein–positive (GFP+) cells] 

resulted in a significantly reduced population of O2*−-producing cells (P < 0.0001) 

compared with cells infected with a GFP-encoding adenovirus control (Fig. 2, E and F). 

Likewise, lentiviral delivery of WT CFTR to ΔF508/ΔF508 CFTR cells also increased 

PTEN expression (Fig. 2G) and reduced production of mitochondrial ROS compared with 

cells treated with an empty vector (Fig. 2H). Restoration of CFTR-PTEN in CF cells 

reduced mitochondrial consumption of isocitrate (Fig. 2I) and was accompanied by a slight 
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increase in IDH (Fig. 2J). Small changes in SDH (Fig. 2K), but significantly increased SDH 

activity (P < 0.0001) (Fig. 2L), were associated with significantly reduced expression of 

IRG1 (P < 0.001) (Fig. 2M). This finding suggested that CFTR influences SDH function 

through the PTEN-IRG1 axis, which is central to ROS generation and immunoregulation 

(11–13, 31).

P. aeruginosa increases excessive succinate secretion by CF cells

We predicted that lack of a CFTR-PTEN interaction would favor succinate secretion from 

CF cells. We confirmed that lack of PTEN in patients with CF impaired mitochondrial 

activity, promoting a 10-fold increase in succinate accumulation in airway fluid compared 

with healthy controls (Fig. 2N and table S1). Likewise, CF peripheral blood mononuclear 

cells (PBMCs) secreted significantly more succinate than normal control cells both before (P 
< 0.001) and after P. aeruginosa infection (P < 0.01) (Fig. 2O), which was consistent with 

their reduced expression of intracellular PTEN (fig. S4). In a CftrΔF508/ΔF508 gut-corrected 

mouse model, broncheoalveolar lavage (BAL) from 60% of PAO1-infected mice (three of 

five) had succinate concentrations above those observed in control airways (fig. S5). Thus, 

the excess release of succinate from CF cells can be attributed to lack of PTEN and is further 

compounded by P. aeruginosa infection.

High succinate induces oxidative stress in P. aeruginosa

We tested the effects of succinate (from 7 to 500 mM) on the growth rate, biofilm formation, 

and metabolic activity of a laboratory strain of P. aeruginosa (PAO1) in vitro. PAO1 growth 

in Luria Bertani (LB) was maintained in succinate and only partially inhibited at 500 mM 

succinate (Fig. 3A and fig. S6A), a concentration observed in Ptenl−/− mice 

broncheoalveolar fluid (Fig. 1J). However, succinate reduced biofilm production at all 

concentrations tested (Fig. 3A), suggesting that crc-directed succinate assimilation repressed 

pathways that P. aeruginosa use to generate biofilm (fig. S6B) (20, 32). In CF artificial 

sputum media (33), P. aeruginosa growth and biofilm formation were enhanced by 

increasing concentrations of succinate until returning to initial values at 500 mM succinate 

(fig. S6C). These data suggested that the CF airway composition would promote the 

metabolic effects that succinate has on P. aeruginosa. Immediately after a 2-hour exposure to 

high succinate (500 mM), P. aeruginosa accumulated significantly more O2*− (P < 0.0001) 

compared with bacteria exposed to 10-fold less (50 mM) or to no succinate (Fig. 3B and fig. 

S6D). These findings indicate that excess succinate causes metabolic stress in P. aeruginosa 
and induces biofilm production and growth.

Succinate-stressed P. aeruginosa display metabolic reprogramming

To control the oxidative stress caused by succinate, we predicted that P. aeruginosa would 

use alternative metabolic routes to reduce ROS, such as the antioxidant glyoxylate shunt and 

the Entner-Doudoroff pathway (32, 34, 35). We found that P. aeruginosa grown in high (500 

mM) succinate overnight showed increased assimilation of acetate and L-threonine (Fig. 

3C), two carbon sources that feed the glyoxylate shunt that bypasses the O2*−-generating 

SDH and IDH activity of the TCA cycle (fig. S6B) (32, 35, 36). Growth on high succinate 

also increased assimilation of the α-D-glucose dimer D-trehalose consistent with Entner-

Doudoroff activity to generate antioxidant extracellular polysaccharides such as alginate 
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(Fig. 3C and fig. S6B) (37–39). Only 50 mM succinate in CF sputum–like media was 

required to augment the consumption of α-D-glucose and D-mannose by PAO1 cells, changes 

that persisted at higher succinate concentrations (fig. S6E). In this CF media, high succinate 

induced more consumption of pro-glyoxylate shunt L-threonine and pro–Entner-Doudoroff 

D-trehalose by P. aeruginosa (fig. S6E). No major changes due to high succinate were 

observed with assimilation of TCA cycle intermediates in CF sputum–like media (fig. S6E).

We observed that the PAO1 clones selected in high succinate conditions had increased 

colony size on agar plates (fig. S7), suggesting a gain in extracellular polysaccharide 

production. AlgD, the gene that produces alginate (fig. S6B), was significantly 

overexpressed (P < 0.001) in succinate-stressed PAO1 compared with control PAO1 (Fig. 

3D), consistent with the development of a mucoid-like phenotype, pathognomonic for 

mucoid P. aeruginosa infection in CF. Glk, a gene that regulates the Entner-Doudoroff 

pathway and provides algD with α-D-glucose derivatives, was also up-regulated (Fig. 3D). 

Glyoxylate shunt genes aceA and glcB, which bypass the succinate-mediated ROS 

production and feed Entner-Doudoroff activity (fig. S6B), were similarly increased in 

succinate-stressed cells (Fig. 3D). Expression of the bacterial SDH genes sdhA-B was 

decreased in the succinate-adapted clones (Fig. 3D and fig. S6B), likely to avoid oxidants 

generated by succinate catabolism. Crc expression (Fig. 3D) and obligatory succinate 

assimilation (Fig. 3C) were not changed by exposure to high succinate. PAO1 on high 

succinate continued producing biofilm under these conditions (fig. S8), a process not 

necessarily requiring alginate production (40). Thus, in vitro exposure to high succinate 

induces metabolic adaptation in P. aeruginosa by up-regulating the antioxidant glyoxylate 

shunt and Entner-Doudoroff extracellular polysaccharide pathways.

Succinate-driven metabolic adaptation increases airway colonization by P. aeruginosa

We next evaluated how metabolic adaptation to succinate by P. aeruginosa affected airway 

colonization. We observed a 10-fold increase in the recovery of colony-forming units 

(CFUs) from murine airways infected with succinate-stressed PAO1 compared with control 

PAO1 (Fig. 3, E and F). The higher bacterial load was associated with significantly greater 

amounts of IL-1β (P < 0.001) (Fig. 3G) and succinate (Fig. 3H), but no major differences in 

other cytokines. Significantly fewer phagocytes (P < 0.05) were recovered from the 

succinate-adapted PAO1-containing BAL (Fig. 3, I to M). This was explained by the higher 

percentages of dead alveolar macrophages (Fig. 3N), neutrophils (Fig. 3O), and monocytes 

(Fig. 3P) recovered from BAL, consistent with pyroptosis and IL-1β release induced by the 

high-succinate–adapted PAO1 compared with the no-succinate and low-succinate controls. 

Thus, adaptation to the metabolic stress induced by high succinate promotes P. aeruginosa 
survival in the airways and immunopathogenesis.

Succinate does not promote Staphylococcus aureus airway infection

We evaluated whether the PTEN-succinate axis also favored metabolic reprogramming of 

the second major CF pathogen, S. aureus. First, we observed that S. aureus infection 

(USA300 strain) slightly reduced PTEN expression in BAL alveolar macrophages (fig. S9, 

A and B) but was not associated with succinate accumulation in BAL as compared with 

control mice (fig. S9C). Similar findings were observed in PTEN-long–deficient mice (fig. 
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S9C). Second, we found that increasing concentrations of succinate reduced both S. aureus 
growth and biofilm production (fig. S9D), effects probably due to the decreased capacity of 

S. aureus to assimilate other metabolites, such as α-D-glucose, D-trehalose, D-fructose, and 

L-threonine (fig. S9E). Third, 500 mM succinate-stressed S. aureus was less able to colonize 

BAL and lungs in WT mice (fig. S9, F and G). Together, these results suggest that increased 

succinate has detrimental metabolic effects on S. aureus while favoring airway colonization 

by P. aeruginosa.

P. aeruginosa CF isolates display metabolic reprogramming to succinate

To confirm the clinical relevance of succinate-induced P. aeruginosa adaptation, we studied a 

collection of 17 strains isolated over 4 years from a 46-year-old patient with CF (fig. S10A) 

[p.Q493VfsX10/3849+10kbC>T CFTR/CFTR, mutations that reduce PTEN (3)]. The CF 

isolates fell into two major morphotypes, small colony variants and mucoid strains, both 

expressing 3-to 10,000-fold more antioxidant-associated algD than control PAO1 (fig. 

S10B). As expected, these morphotypes contained variable nonsynonymous mutations in 

clusters of small colony variant- and mucoid-specific genes, such as the coxB oxidase and 

mucA (Fig. 4A) (41, 42). Phenotypic analysis of antibiotic resistance, motility, pigment 

generation, quorum sensing, biofilm, and virulence factor production corroborated that these 

strains were representative of metabolically adapted P. aeruginosa isolates found in the CF 

airway, as we termed these isolates with altered expression of numerous genes in response to 

metabolic conditions in the airway (fig. S10, C to L) (41–46).

There were 135 genes with shared nonsynonymous mutations (table S2) identified in all 

genomes of the clinical isolates (table S3). Many of these mutations targeted the Entner-

Doudoroff (zwf and glk), glyoxylate shunt (aceA and glcB), and TCA cycle (PA0794, idh, 

sucA, and fumC1), as well as the cyclic di-guanosine monophosphate (c–di-GMP) cascade, 

the master regulator of biofilm production. Representative isolates (small colony variant 686 

and mucoid 605) had substantial overexpression of Entner-Doudoroff, glyoxylate shunt, and 

TCA cycle genes, whether mutated or not, compared with PAO1 cells. Major changes were 

observed in the Entner-Doudoroff–associated genes zwf-glk and glyoxylate shunt genes 

aceA-glcB, which were upregulated 4-to 40-fold and 20- to 80-fold, respectively (Fig. 4B). 

Changes in mRNA expression of TCA cycle genes were less than threefold on average with 

respect to PAO1. As was observed for succinate-adapted PAO1, strains selected in the CF 

airway favored the assimilation of α-D-glucose and its dimers, such as D-trehalose, as well as 

acetate and L-threonine (Fig. 4C), supporting Entner-Doudoroff and glyoxylate shunt 

activity (fig. S6B).

Small colony variant 686 reduced its assimilation of succinate (fig. S11), and mucoid 605 

increased its succinate excretion when cultured either in acetate or in α-D-glucose (fig. 

S12A), likely due to increased expression of the succinate exporter citA (fig. S12B). As 

observed for in vitro–generated succinate-stressed PAO1, these clinical strains continued to 

grow (Fig. 4D) and produce biofilm in increasing amounts of succinate (Fig. 4E), consistent 

with the up-regulation of several pro-biofilm genes relative to PAO1 (Fig. 4F and fig. S12C). 

Reexposure of the clinical isolates to high succinate further amplified the metabolic changes 

seen in the Entner-Doudoroff and glyoxylate shunt pathways (Fig. 4G). These findings 

Riquelme et al. Page 7

Sci Transl Med. Author manuscript; available in PMC 2019 October 09.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



suggest that the metabolic phenotype seen in P. aeruginosa isolates, in part, reflects 

adaptation to succinate in the CF airway.

CF P. aeruginosa isolates do not activate the airway HIF1α–succinate–IL-1β axis

The production of biofilm, as promoted by succinate exposure of the CF P. aeruginosa 
strains, is mediated by c-di-GMP, which is a signaling molecule also activated by ROS and 

surface contact (fig. S12C) (47). As part of the c-di-GMP cascade, the expression of several 

proinflammatory pathogen-associated molecular patterns (PAMPs), including LPS, is 

suppressed (47–49). This would, in theory, reduce the activation of immune/epithelial cells 

and subsequent succinate release. We noted several nonsynonymous mutations in PAMP-

associated genes in all of the succinate-adapted P. aeruginosa isolates (Fig. 5A and table S4). 

Representative strains SCV 686 and mucoid 605 lost expression of ostA (also known as 

lptD), a protein that exposes LPS on the bacterial surface (Fig. 5B). These host-adapted 

strains failed to induce aerobic glycolysis in human monocytes, an expected response to LPS 

(Fig. 5C). Moreover, they generated less accumulation of succinate in BAL of WT mice 24 

hours after infection (Fig. 5D) and failed to activate the stabilization of HIF1α in 

comparison to the nonadapted PAO1 control strain (Fig. 5E). As might be predicted, the 

host-adapted strains, either individually or in combination, stimulated significantly less 

IL-1β (P < 0.001) (Fig. 5F) as well as IL-6, TNFα, and MCP-1 proinflammatory cytokines 

in the murine airway (fig. S13). Instead, IL-1β accumulated intracellularly in alveolar 

macrophages and recruited monocytes but was not released (fig. S14). Despite preventing 

IL-1β secretion, CF P. aeruginosa isolates stimulated mitochondrial ROS production in host 

monocytes as did proinflammatory PAO1 (Fig. 5G).

CF P. aeruginosa isolates evoke an IRG1-itaconate airway immune response

The immune response to the CF isolates, namely, the induction of ROS and modest release 

of succinate, but lack of IL-1β release, suggested a major deregulation of the expected innate 

immune response to bacteria. We observed that IRG1, which produces the anti-inflammatory 

signaling metabolite itaconate, was significantly up-regulated in monocytes recruited into 

the airway by the CF strains of P. aeruginosa (P < 0.0001) (Fig. 5, H and I), as was itaconate 

itself (P < 0.001) (Fig. 5J and fig. S15). Because itaconate inhibits SDH, this increased 

activity could account for the modest increase in BAL succinate associated with murine 

infection by the CF strains (Fig. 5D). These findings indicate that in vivo adaptation to high 

succinate generates P. aeruginosa strains that retain the ability to activate mitochondrial ROS 

but fail to activate IL-1β release and instead promote an itaconate response in the airway 

cells, which suppresses inflammation (11–13, 31).

Metabolically adapted CF P. aeruginosa persist in the airway

The consequences of a dysfunctional immune response are evident in patients with CF as 

airway damage associated with recruitment of neutrophils, but a failure to eradicate 

infection. However, chronic P. aeruginosa airway infection has been difficult to model in 

mice, including CF mice (50, 51). Nonetheless, we were able to illustrate major differences 

in the pathogenicity of the CF-adapted strains compared with WT PAO1 (Fig. 6). Equivalent 

inocula of PAO1 and either all 17 CF strains, the small colony variant 686, or mucoid 605 

isolate had very different outcomes in a C57Bl/6 model of pneumonia: We observed 100% 
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lethality of PAO1 at 24 hours (Fig. 6, A and B), whereas the CF strains persisted for at least 

5 days (Fig. 6C). Of note, these WT mice did not have the higher concentrations of succinate 

that are linked to CFTR-PTEN dysfunction (Figs. 1J and 5D). Extended airway colonization 

by CF P. aeruginosa isolates was accompanied by 10-fold accumulation of more monocytes 

(Fig. 6D) and neutrophils (Fig. 6E) in BAL, consistent with sustained cell viability (fig. 

S16). Alveolar macrophages were consistently depleted by both WT and CF-adapted 

isolates (Fig. 6F).

Infecting CftrΔF508/ΔF508 gut-corrected mice with the CF-adapted strains induced a similar 

accumulation of succinate (Fig. 6G) and attracted a significantly greater influx of 

neutrophils (Fig. 6H) and monocytes (P < 0.05) (Fig. 6I), but not increased numbers of 

alveolar macrophages (Fig. 6J), compared with the WT CFTR controls. However, despite 

the myeloid cell recruitment, infection was not cleared more effectively (Fig. 6, K and L).

As we predicted that deficient PTEN-CFTR interaction is a key component of the 

inflammatory response, we tested the ability of the Ptenl−/− mice to clear infection caused by 

the CF-adapted strains. These CF strains did not stimulate significantly (P > 0.05) higher 

amounts of succinate in the Ptenl−/− mice (Fig. 6M) and failed to activate the release of more 

IL-1β (Fig. 6N). The CF-adapted strains recruited significantly more neutrophils (Fig. 6O) 

and monocytes (Fig. 6P) (P < 0.05) but did not change the numbers of resident alveolar 

macrophages in the airways (Fig. 6Q) and, despite this immune response, phagocytes failed 

to eradicate infection (Fig. 6, R and S).

The similar findings in terms of succinate accumulation, immune cell recruitment, and 

bacterial clearance in CftrΔF508/ΔF508 and Ptenl−/− mice suggest that the major factor 

associated with chronic P. aeruginosa infection is increased susceptibility, that is, that the 

initial succinate-induced adaptation of the organisms and metabolic reprogramming enables 

long-term colonization of the airways. Once the organisms have adapted to succinate and 

other components of the CF airway, they are equally proficient in chronically infecting WT 

and PTEN-CFTR–deficient airways, with ongoing adaptation maintained by exposure to 

either endogenous or inflammation-associated succinate release.

DISCUSSION

Among the protean manifestations of CF, we demonstrated impaired mitochondrial function 

as a consequence of diminished PTEN activity in cells with CFTR mutations. This resulted 

in the accumulation of excess succinate in the airway, creating an environment that enhanced 

susceptibility to infection by P. aeruginosa. Among the many inadvertently inhaled 

pathogens, P. aeruginosa is programmed to induce accumulation of diverse metabolites in 

the airway (52) and to preferentially catabolize succinate (17–19). We found that a standard 

laboratory strain of P. aeruginosa exposed to high succinate for just 24 hours displayed 

substantial changes in the expression of numerous metabolic genes and had enhanced ability 

to infect the murine airway. CF P. aeruginosa isolates exhibited a similar adaptation to 

succinate, altering gene expression especially in the glyoxylate shunt and other metabolic 

pathways to limit oxidant stress through extracellular polysaccharide and biofilm 

production. They also down-regulated the expression of genes involved in the display of 
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numerous PAMPs, including LPS, that would activate immune cells and further generate 

succinate release and oxidants associated with its compulsory metabolism.

Despite their diverse phenotypes, the conserved metabolic changes in the CF isolates elicited 

a similar, ineffective immune response. In contrast to the immunostimulatory and lethal 

response associated with WT PAO1, the CF metabolically adapted strains failed to generate 

IL-1β but promoted increased recruitment of itaconate-producing myeloid cells, which did 

not clear infection efficiently. Thus, the CF succinate-adapted organisms persisted, protected 

by their succinate-induced biofilms and itaconate-suppressed immune signaling.

PAO1 grown as a laboratory isolate had properties distinct from PAO1 grown in high 

succinate and the CF clinical isolates. Growth in high succinate induced many of the same 

adaptations present in the succinate-adapted CF strains. Succinate-stressed PAO1 induced 

greater amounts of IL-1β, which has been shown to enhance P. aeruginosa airway infection 

(53–55). In contrast, the CF isolates, which lacked expression of PAMPs as well as having 

metabolic changes, failed to activate IL-1β. Thus, there are multiple factors affecting the 

properties of both the organisms and the nature of the host response that are ultimately 

reflected in the relative density of airway infection.

Our data raise questions that require several future studies. Available model systems, 

primary cells (PBMCs), epithelial and monocyte cell lines, and use of CF sputum–like 

media do not adequately replicate the complexities of the inflamed airway with 

metabolically active host cells and proliferating bacteria and fail to establish the relative 

contribution of excess succinate from the organisms versus the host. The CF models used, 

CftrΔF508/ΔF508 gut-corrected and Ptenl−/− mice, do not entirely recapitulate the pathogenesis 

of P. aeruginosa in patients with CF, stressing the need for better experimental systems. 

Moreover, different CFTR genotypes, the heterogeneity of P. aeruginosa isolates, and the 

presence of other components of the microbiota will affect the metabolomics of the airway 

in patients. Our colocalization of PTEN and CFTR to the mitochondrial outer membrane 

requires biochemical confirmation including fractionation of mitochondrial components to 

demonstrate that this interaction is functional and not simply proximity with another CFTR-

containing organelle. Especially intriguing is the role of PTEN in the regulation of 

complexes I and II, oxidative stress, and IRG1 expression in living organisms, because our 

studies did not determine whether the itaconate-succinate axis can be corrected in Ptenl and 

Cftr mutant mice by scavenging mitochondrial ROS.

Exactly how PTEN dysfunction results in this dysregulated immune response is not fully 

understood. PTEN deficiency affects the catabolism of isocitrate and G3P, intermediates 

with potential to feed the pro-oxidant complexes I and II in mitochondria. Cells lacking 

sufficient PTEN have increased IRG1, which inhibits complex II (SDH), as we observed. 

Thus, it is likely that excess ROS are derived mostly from complex I, as has been shown in 

tumor-derived macro-phages, PTEN-deficient fibroblast, and prostate cancer cells (56, 57). 

As we found that restoring PTEN corrected the oxidant stress associated with mitochondrial 

dysfunction in CF cells, therapeutic strategies to correct CFTR delivery to the cell 

membrane and, hence, its association with PTEN might also affect the itaconate-succinate 

axis. For many CFTR mutations available, correctors that improve trafficking of the mutated 
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protein to cell membranes, including mitochondria, may accomplish this (58–60). We 

predict that the cycle of P. aeruginosa infection, adaptation, and establishment of intractable 

biofilms in the airway could be mitigated by early treatment to enhance the PTEN-CFTR 

interaction (3) and prevent mitochondrial dysfunction and the associated alteration of the 

succinate/itaconate balance.

MATERIALS AND METHODS

Study design

This study was designed to evaluate how P. aeruginosa adapt to the CF airway to cause 

chronic infection. We tested our hypothesis with in vitro and in vivo experiments using 

laboratory and clinical isolates. The sample size per experiment is included in the figure 

legends. In this study, we used WT, Ptenl−/−, and CftrΔF508/ΔF508 gut-corrected mice as in 

vivo models. The number of mice used was selected based on previous studies using the 

same model and calculating the statistical power, considering a minimum of six mice in total 

pooled from at least two independent experiments. All animal experiments were performed 

in agreement with Institutional Animal Care and Use Committee protocol AAAR9403 at 

Columbia University. In vitro, we used human monocyte and epithelial cell lines, either WT, 

CFTR mutants, or PTEN mutants. We corrected mutant cells with viral vectors. The human 

samples in this study, such as CF sputum, CF blood, and P. aeruginosa isolates, were 

acquired from random adult patients who were genetically and clinically characterized as 

suffering from CF. Samples were acquired during routine visits to the hospital and under 

signed consent by each patient. Patients’ personal information was never revealed to the 

principal researchers [Institutional Review Board (IRB) protocol AAAR1395]. Researchers 

only received the blood and sputum samples, and only CFTR mutations and whether patients 

were under CFTR modulator treatments were disclosed. Experiments were not performed in 

a blinded fashion.

Human samples

All PBMCs used in this study were obtained from blood of patients with CF and healthy 

volunteers under the IRB protocol AAAR1395 Columbia University. Before providing 

blood, all patients were explained about the project and signed a consent form included in 

the IRB protocol. CF sputum for succinate quantification was provided by P. Planet, 

Children’s Hospital of Philadelphia, USA.

Mice

Six- to 8-week-old WT C57Bl/6 mice were obtained from the Jackson laboratory. Ptenl−/− 

mice were obtained from R. Parsons and B. Hopkins, Mount Sinai, New York. WT and Ptenl
−/− mice were housed at Columbia University facilities before being used in accordance with 

conditions stipulated by the Institute for Comparative Medicine (AAAR9403). CftrΔF508 

gut-corrected mice were provided by the Cystic Fibrosis Animal Core at Case Western 

Reserve University, bred, and maintained by C. Britto at Yale University, New Haven. 

Normal diet was provided before and during the infections.

Riquelme et al. Page 11

Sci Transl Med. Author manuscript; available in PMC 2019 October 09.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Growth and biofilm of WT P. aeruginosa in succinate-supplemented LB media

PAO1 was grown overnight in succinate-free LB media under agitation at 37°C in a sterile 

tube. Then, 1 ml of bacteria was spun down, washed with cold PBS, resuspended in 1 ml of 

LB at an optical density (OD600nm) of 1.0, and incubated in a 1/20 dilution either in the 

same succinate-free media or in increasing concentration of succinate added to LB (7, 15, 

32, 65, 125, 250, and 500 mM) in flat-bottom 96-well plates with a final volume of 100 μl 

per well. Plates were incubated under agitation or static at 37°C overnight. The next day, 

bacterial growth (OD600nm) and biofilm production (crystal violet, OD540nm) were 

measured.

Adaptation of WT P. aeruginosa and S. aureus to succinate in vitro

PAO1 or USA300 was grown overnight in succinate-free LB media under agitation at 37°C 

in a sterile tube. Then, 50 μl of bacteria was resuspended either in 3 ml in the same but fresh 

succinate-free media (PAO1; USA300) or in LB supplemented either with 50 mM (PAO1*; 

USA300*) or 500 mM succinate (PAO1Succ; USA300Succ). Tubes were agitated overnight at 

37°C. The next day, OD600nm was measured, and bacteria were prepared for the following 

experiments.

Infection of mice with succinate-adapted bacteria

After generating PAO1, PAO1*, and PAO1Succ (or USA300, USA300*, and USA300Succ), 

bacteria were washed and resuspended in sterile PBS, and 106 CFUs (107 CFUs for 

USA300) were instilled intranasally to mice in 50 μl of PBS. Twenty-four hours later, mice 

were sacrificed, and BAL was collected. CFU amounts, succinate accumulation, and 

immune cell infiltrate were quantified in BAL. Alveolar macrophage 

(CD45+CD11blow/−SiglecFhighCD11c+CD193−Ly6G−Ly6C−), neutrophil 

(CD45+CD11bhighSiglecFlow/−CD11c−MHCII−CD193−Ly6G+Ly6Clow/−), and monocyte 

(CD45+CD11bhighSiglecFlow/−CD11c−MHCII−CD193− Ly6G−Ly6Clow/high) enrichment in 

BAL was analyzed by flow cytometry. Total cell numbers per BAL were quantified. Cell 

viability was determined by using live/dead DAPI staining (Life Technologies).

Mouse infection experiments with P. aeruginosa isolates

When indicated, anesthetized WT C57Bl/6, Ptenl−/−, or CftrΔF508 gut-corrected mice were 

infected intranasally with either 1 × 107 CFUs of laboratory strain PAO1, a total 1 × 107 

CFU mix of all 17 isolates (equal parts—5.9 × 105 for each), 1 × 107 CFUs of SCV variant 

686, 1 × 107 CFUs of mucoid strain 605, or a total 1 × 107 CFU mix of both 686 + 605 (5 × 

106 of each). Mice viability was monitored. In addition, 24 hours/48 hours after infection 

(when indicated), lung and BAL tissues were collected and analyzed by Western blot and 

enzyme-linked immunosorbent assay for IL-1β and other cytokines. BAL and lung cells 

were also analyzed by flow cytometry to evaluate immune cell recruitment as well as 

intracellular IRG1 protein levels. Succinate was quantified in BALs using a colorimetric 

assay.
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Statistical analyses

All analyses and graphs were performed using the GraphPad Prism 7a software. Differences 

in the mean between two groups were analyzed using Student’s t test or ANOVA for 

normally distributed data and Mann-Whitney or Kruskal-Wallis test otherwise. To compare 

means between more than two groups, we performed a one-way ANOVA with a multiple 

posteriori comparison (Tukey or Dunnett). When studying two or more group along time, 

data were analyzed using a two-way ANOVA with multiple posteriori comparison (Tukey). 

Mouse survival was analyzed using the Kaplan-Meier test. P < 0.05 (two sided) was 

considered significant.

Additional Materials and Methods can be found in the Supplementary Materials.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. PTEN regulates the ROS-IRG1-succinate mitochondrial axis.
(A to I) PTEN+/+ and PTEN−/− HTC116 human epithelial cells were analyzed for (A and B) 

mitochondrial O2*− production (n = 3). (C) Assimilation by mitochondria of different 

carbon sources that feed the TCA cycle (n = 6). (D and E) Intracellular IDH and SDHA (n = 

3). (F) Total SDH activity in protein extracts (n = 3). (G) Intracellular IRG1 (n = 3). (H) 

Succinate in the supernatant of cells infected or not with P. aeruginosa (n = 3). (I) PTEN 

expression before and after infection with P. aeruginosa (PAO1). (J) Succinate in the airway 

fluid of WT or PTEN-long–deficient mice (Ptenl−/−) infected for 24 hours or not with P. 
aeruginosa (6 to 11 mice per group pooled from n = 3). Autofluorescence (gray) and 

secondary antibody staining alone (brown) for flow cytometry are shown in histograms. 

Data are shown as mean ± SEM. (B), (D), (E), and (G) were analyzed by Student’s t test; (F) 

was analyzed by two-way analysis of variance (ANOVA); and (H) and (J) were analyzed by 

one-way ANOVA. ****P < 0.0001; ***P < 0.001; *P < 0.05; ns, nonsignificant. MFI, mean 

fluorescence intensity.
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Fig. 2. PTEN correction in dysfunctional CF mitochondria restores the ROS-IRG1-succinate 
balance.
(A) A 16HBE epithelial cell stained by confocal microscopy for PTEN (green), CFTR (red), 

TOMM20 (magenta), and nuclei (blue). One random focal plane is shown. ROI, region of 

interest. (B) Zoom-in view of ROI shown in (A). A focal plane was analyzed in the (y, z) 

and (x, z) dimensions. “Mito” corresponds to a random mitochondrion captured in the (y, z) 

focal plane. (C) Zoom-in view on the mitochondrion from (B). Combined color channels are 

shown. (D) Colocalization between CFTR and TOMM20 (x axis) and PTEN and CFTR (y 
axis) inside mitochondria as in (B). Co-localization was measured by Intensity Correlation 

Quotient (ICQ) for at least 100 mitochondria from at least n = 5 different cells. (E and F) 

Percentage of ΔΨlowO2*−High in human ΔF508/ΔF508 CFTR cells infected with a PTEN-

GFP or GFP-coding adenovirus (Ad). Transduced (GFP+) or nontransduced (GFP−) cells are 

shown (n = 3). (G to M) ΔF508/ΔF508 CFTR cells corrected with a WT CFTR–expressing 

lentivirus or treated with an empty vector were analyzed for (G) intracellular PTEN, (H) 

mitochondrial ROS (O2*−) (n = 3), (I) mitochondrial assimilation of specific TCA cycle 

intermediates (n = 6), (J and K) intracellular IDH and SDHA (n = 3), (L) total SDH activity 

in protein extracts (n = 2), and (M) intracellular IRG1(n = 3). (N) Fold change in succinate 
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in CF relative to control airways (n = 7 for HP and n = 25 for CF). (O) Succinate in 

supernatants of PBMCs from CF or controls with or without P. aeruginosa infection (n = 7 to 

9). Histograms show autofluorescence (gray) and staining with secondary antibody alone 

(brown) for flow cytometry. Data are shown as means ± SEM. (H), (J), (K), (M), and (N) 

were analyzed by Student’s t test; (L) was analyzed by two-way ANOVA; and (F) and (O) 

were analyzed by one-way ANOVA. ****P < 0.0001; ***P < 0.001; **P < 0.01; *P < 0.05.
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Fig. 3. Succinate promotes metabolic adaptation of P. aeruginosa and airway infection.
(A) Growth and biofilm of WT P. aeruginosa (PAO1) in increasing concentrations of 

succinate in LB media (n = 3). Pink, no succinate; red, 50 to 250 mM succinate; blue, 500 

mM succinate. (B) Intracellular O2*−2 (ROS) in P. aeruginosa by succinate (PAO1, no 

succinate; PAO1*, 50 mM succinate; PAO1Succ, 500 mM succinate) (n = 3). (C) Relative 

single-carbon source assimilation by PAO1 (control), PAO1*, and PAO1Succ (n = 3). (D) 

mRNA expression relative to PAO1 for different metabolic pathways (n = 3). Mice were 

either infected with PAO1, PAO1*, or PAO1Succ or treated with phosphate-buffered saline 

(PBS). Twenty-four hours later, the following were analyzed in mouse airways: (E and F) 

CFU found in BAL and lungs (6 to 18 mice per group pooled from n = 3), (G) heatmap of 

different cytokines accumulated in BAL (6 mice per group pooled from n = 3), (H) succinate 

accumulated in BAL (5 to 11 mice per group pooled from n = 3), (I and J) number and 

density plots of viable alveolar macrophages in BAL (6 mice per group pooled from n = 3), 

(K to M) number and density plots of viable neutrophils and monocytes in BAL (6 mice per 
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group pooled from n = 3), and (N to P) percentage of dead cells in BAL (6 mice per group 

pooled from n = 3). Data are shown as means ± SEM. ****P < 0.0001; ***P < 0.001; **P < 

0.01; *P < 0.05; one-way ANOVA. ND, not detected. TNFα, tumor necrosis factor–α; GM-

CSF, granulocyte-macrophage colony-stimulating factor; DAPI, 4′,6-diamidino-2-

phenylindole.
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Fig. 4. Metabolism of P. aeruginosa isolates is consistent with adaptation to succinate.
(A) Nonsynonymous mutations (NSM) in 17 P. aeruginosa isolates (SCV and mucoid 

variants) compared with PAO1 control. #: stop codon mutations. (B) Fold mRNA expression 

relative to PAO1 for selected metabolic genes in SCV 686 and mucoid 605 (n = 3). (C) 

Relative single-carbon source assimilation for PAO1, SCV 686, and mucoid 605 strains (n = 

6). (D) Bacterial final point growth in increasing concentrations of succinate in LB (n = 3). 

(E) Bacterial biofilm in increasing concentrations of succinate in LB (n = 3). (F) Relative 

mRNA expression against control PAO1 by quantitative reverse transcription polymerase 

chain reaction (qRT-PCR) of genes that regulate c-di-GMP and EPS required to produce 

biofilm (n = 3). (G) Regulation of metabolic genes by succinate in P. aeruginosa SCV 686 

and mucoid 605 clinical isolates (n = 3). Data are shown as means ± SEM. (B and F) One-
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way ANOVA; (D and E) two-way ANOVA. ****P < 0.0001; ***P < 0.001; **P < 0.01; *P 
< 0.05.
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Fig. 5. Succinate-adapted P. aeruginosa isolates evoke an inefficient IRG1-itaconate–mediated 
immune response.
(A) Number of nonsynonymous mutations found in all P. aeruginosa isolates in PAMPs 

known to activate the IL-1β–HIF1α–succinate axis (inflammasome). (B) Fold mRNA 

expression relative to PAO1 for PAMPs with the most NSM in SCV 686 and mucoid 605 (n 
= 3). (C) Extracellular acidification rate (ECAR) in human monocytes treated either with 

PBS, PAO1, SCV 686, or mucoid 605 strain. Increased ECAR is an expected response to 

augmented glycolysis (n = 2). (D) Fold change in succinate in airways of WT mice treated 

for 24 hours with PBS, PAO1, with a single or a mixture of P. aeruginosa clinical isolates 

(six to seven mice per group pooled from n = 3). (E) BAL and lung HIF1α levels from total 

intracellular protein of mice infected as in (D). (F) IL-1β in airways of mice treated as in (D) 

(six to seven mice per group pooled from n = 3). (G) Mitochondrial ROS in human THP-1 

cell induced by PAO1 or CF P. aeruginosa isolates (n = 3). (H and I) IRG1+ monocytes (six 

mice per group pooled from n = 2) and (J) itaconate in BAL of PBS-, PAO1-, or 17 CF 

strains–treated mice (four mice per group pooled from n = 2). Data are shown as means ± 

SEM. (B), (D), (F), (I), and (J) were analyzed by one-way ANOVA; and (C) and (G) were 

analyzed by two-way ANOVA. ****P < 0.0001; ***P < 0.001; **P < 0.01; *P < 0.05.
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Fig. 6. CF P. aeruginosa isolates persist in the airway.
C57Bl/6 WT mice were intranasally infected with 107 CFUs of either PAO1, single CF 

isolates, a mixture of two, or all 17 strains together. (A and B) Mouse survival (five mice per 

group pooled from n = 2). (C) P. aeruginosa burden in BAL (four to seven mice per group 

pooled from n = 3). (D to F) Monocytes, neutrophils, and alveolar macrophages found in 

BAL 24 hours after infection (four to six mice per group pooled from n = 3). CftrΔF508/ΔF508 

(gut-corrected) mice were intranasally infected with a mix of 107 CFUs of all 17 CF P. 
aeruginosa isolates. (G) Succinate in BAL (three to eight mice per group pooled from n = 3). 

(H to J) Neutrophils, monocytes, and alveolar macrophages found in BAL 48 hours after 

infection (eight mice per group pooled from n = 3). (K and L) P. aeruginosa burden in BAL 

and lungs (eight mice per group pooled from n = 3). Ptenl−/− mice were intranasally infected 

with a mix of 107 CFUs of all 17 CF P. aeruginosa isolates (three to six mice per group 

pooled from n = 3). The following were analyzed: (M) succinate in BAL; (N) IL-1β in BAL; 
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(O to Q) monocytes, neutrophils, and alveolar macrophages found in BAL 24 hours after 

infection, (R and S) P. aeruginosa burden in BAL and lungs 24 hours after infection. Data 

are shown as means ± SEM. (A and B) Kaplan-Meier; (C) two-way ANOVA; (D to G and M 

to S) one-way ANOVA; (H to L) Student’s t test. ****P < 0.0001; ***P < 0.001; **P < 

0.01; *P < 0.05.
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