

[image: Mechanism of resistance to phagocytosis and pulmonary persistence in mucoid Pseudomonas aeruginosa]
Mechanism of resistance to phagocytosis and pulmonary persistence in mucoid Pseudomonas aeruginosa





ORIGINAL RESEARCH

published: 15 March 2023

doi: 10.3389/fcimb.2023.1125901

[image: image2]


Mechanism of resistance to phagocytosis and pulmonary persistence in mucoid Pseudomonas aeruginosa


Warren J. Rowe III 1†, Deborah A. Lebman 1† and Dennis E. Ohman 1,2*


1 Department of Microbiology & Immunology, Virginia Commonwealth University Medical Center, Richmond, VA, United States, 2 Research Service, McGuire Veterans Affairs Medical Center, Richmond, VA, United States




Edited by: 

Natalia V. Kirienko, Rice University, United States

Reviewed by: 

Karthik Subramanian, Rajiv Gandhi Centre for Biotechnology, India

Pei Xiong Liew, Brigham and Women’s Hospital and Harvard Medical School, United States

Héctor A. Levipan, Universidad de Playa Ancha, Chile

*Correspondence: 

Dennis E. Ohman
 deohman@vcu.edu

†Present address: 

Warren J. Rowe, III, Leidos Biomedical Research, Inc., Frederick, MD, United States; 

Deborah A. Lebman, Ben Gurion University of the Negev, Beer Sheva, Israel

Specialty section: 
 This article was submitted to Biofilms, a section of the journal Frontiers in Cellular and Infection Microbiology


Received: 16 December 2022

Accepted: 27 February 2023

Published: 15 March 2023

Citation:
Rowe WJ, Lebman DA and Ohman DE (2023) Mechanism of resistance to phagocytosis and pulmonary persistence in mucoid Pseudomonas aeruginosa. Front. Cell. Infect. Microbiol. 13:1125901. doi: 10.3389/fcimb.2023.1125901






Introduction

Pseudomonas aeruginosa is known for its ability to form biofilms, which are dependent on the production of exopolysaccharides. During chronic colonization of the airway and biofilm formation, P. aeruginosa converts to a mucoid phenotype, indicating production of the exopolysaccharide alginate. The mucoid phenotype promotes resistance to phagocytic killing, but the mechanism has not been established.





Methods and Results

To better understand the mechanism of phagocytic evasion conferred by alginate production, Human (THP-1) and murine (MH-S) macrophage cell lines were used to determine the effects of alginate production on macrophage binding, signaling and phagocytosis. Phagocytosis assays using mucoid clinical isolate FRD1 and its non-mucoid algD mutant showed that alginate production inhibited opsonic and non-opsonic phagocytosis, but exogenous alginate was not protective. Alginate caused a decrease in binding to murine macrophages. Blocking antibodies to CD11b and CD14 showed that these receptors were important for phagocytosis and were blocked by alginate. Furthermore, alginate production decreased the activation of signaling pathways required for phagocytosis. Mucoid and non-mucoid bacteria induced similar levels of MIP-2 from murine macrophages.





Discussion

This study demonstrated for the first time that alginate on the bacterial surface inhibits receptor-ligand interactions important for phagocytosis. Our data suggest that there is a selection for alginate conversion that blocks the earliest steps in phagocytosis, leading to persistence during chronic pulmonary infections.
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Introduction

Pseudomonas aeruginosa is a gram-negative, biofilm-forming, aerobic rod that is commonly found throughout the environment in soil, surface water, sewage, plants, and foods. It is also an opportunistic pathogen capable of causing disease in multiple tissues including eye, skin, urinary tract, upper and lower respiratory tracts, and blood. Immunocompromised patients, including those on mechanical ventilation, are at risk for serious infections by P. aeruginosa (Sadikot et al., 2005). Hospital acquired infections are common, and patients with chronic obstructive pulmonary disease (COPD) are at risk for chronic pulmonary infection (Murphy, 2009). In patients with cystic fibrosis (CF), chronic P. aeruginosa infection causes significant inflammation and tissue damage and thus is a major cause of morbidity and mortality (Sadikot et al., 2005).

CF is a major respiratory disease that affects 70,000 people worldwide with 1,000 people being diagnosed every year. It is an autosomal recessive disease caused by a mutation in the cystic fibrosis transmembrane conductance regulator (CFTR) gene, which encodes a chloride ion channel (Folkesson et al., 2012). The loss of this channel results in defective chloride ion transport, leading to the production of a highly adhesive mucus, which inhibits bacterial clearance and promotes respiratory infections (Rubin, 2007). One study found that 97% of children with CF were colonized with P. aeruginosa by the age of 3 years; among all CF patients, over 58% are chronically infected with P. aeruginosa (Sadikot et al., 2005). P. aeruginosa infection in CF is associated with increased morbidity and mortality (Sadikot et al., 2005). Due to the widespread presence of P. aeruginosa in the environment and the high incidence of hospital acquired infections, it is important to understand the survival mechanisms responsible for its persistence within the CF lung (Sadikot et al., 2005).

P. aeruginosa strains isolated from patients with CF and COPD are often phenotypically different from those isolated from the environment, most prominent of which is their mucoid colony morphology. During colonization of the airway, P. aeruginosa undergoes mucoid conversion whereby a normally nonmucoid strain changes to a highly mucoid phenotype, which is indicative of the over production of a capsular exopolysaccharide called alginate (Govan and Deretic, 1996). Alginate is high molecular weight polymer of D-mannuronic acid and L-guluronic acid, where the D-mannuronate residues are also acetylated. Alginate is synthesized and secreted via a 12 gene cluster known as the algD operon. High levels of alginate are found in the sputum of patients with CF who are chronically infected with P. aeruginosa (Folkesson et al., 2012). Also, CF strains often lack flagellin and pilin, and produce ‘rough’ lipopolysaccharides (LPS) that do not have the long O-side chains characteristic of ‘smooth’ LPS (Sadikot et al., 2005). These adaptations promote persistence in the lung apparently by allowing P. aeruginosa to evade the host immune system. P. aeruginosa is also known for its ability to form biofilms, which are associated with the production of exopolysaccharides.

Alginate production may alter the innate immune response to the infecting organisms. Although alginate production may not be the initial event allowing for persistence or evasion of the immune response, it is likely to be a primary reason for maintaining a chronic infection by inhibiting its clearance by alveolar macrophages. It has been reported that mucoid P. aeruginosa is resistant to opsonic and non-opsonic phagocytosis, and that alginate production confers protection against IFN-γ mediated opsonic killing of a P. aeruginosa biofilm (Ruhen et al., 1980; Cabral et al., 1987; Krieg et al., 1988; Pier et al., 2001; Leid et al., 2005). Phagocytosis is an actin-dependent process that involves the use of multiple cell surface receptors to bind pathogens (Flannagan et al., 2012; Underhill and Goodridge, 2012). Subsequent internalization requires a complicated series of membrane remodeling, cytoskeletal rearrangements and intracellular signaling events, which also result in the release of inflammatory cytokines.

The mechanism responsible for alginate inhibition of phagocytosis and its effects on subsequent production of inflammatory mediators is not understood. To address how alginate interferes with phagocytosis and its potential effects on subsequent production of inflammatory mediators, we use cell-based host-pathogen interaction assays to compare a mucoid CF-adapted isolate of P. aeruginosa to its isogenic nonmucoid mutant, defective in expression of the algD operon for alginate biosynthesis. These studies identified macrophage surface receptors that are blocked from ligand binding by alginate expression. Interestingly, inhibition of receptor-ligand interactions and activation of signaling did not affect production of the chemokines MIP-2 and IL-8. Taken together these findings provide additional insight into the mechanisms by which mucoid conversion in P. aeruginosa promotes chronic pulmonary disease.





Results




Alginate production by Pseudomonas aeruginosa inhibits phagocytosis by human and murine macrophages

Although several studies have shown that mucoid P. aeruginosa is more protected from non-opsonoic phagocytosis than nonmucoid strains, the mechanism by which alginate production (Alg+) leads to resistance to phagocytosis has not been determined. Thus, to establish the role of mucoid conversion and alginate, the phagocytosis efficiency of isogenic Alg+/- strains of P. aeruginosa were compared. FRD1 is a frequently studied CF clinical isolate in which alginate production is constitutively active due to a mucA mutation that inactivates the anti-sigma factor of alternative sigma factor, σ22. FRD1131 is a mutant of FRD1 that contains a Tn501-33 insertion mapping near algD (Chitnis and Ohman, 1993). The exact site of this insertion was determined in this study and shown to be 16 bp downstream of the start of transcription of the algD operon for alginate biosynthesis (data not shown). Thus, Tn501-33 is polar on all downstream genes, making FRD1131 unable to produce alginate. The Alg+ phenotype of FRD1131 was restored by complementation (FRD1131C’) with a plasmid (pALG2) containing the entire algD operon. Also, strains were engineered to express green fluorescent protein (GFP) to allow visualization of phagocytosis by fluorescent microscopy and measurement by flow cytometry. A time-course using flow cytometry demonstrated that phagocytosis occurred rapidly, between 15 and 30 min after infection (Supplemental Figure S1A). Studies using fluorescent microscopy confirmed that Alg- FRD1131 was taken up much more efficiently than the Alg+ parental strain, FRD1 (Supplemental Figure S1B).

Flow cytometry was used to quantitate the effect of alginate production and demonstrated that phagocytosis of Alg+ FRD1 was approximately 7-fold reduced compared to Alg- FRD1131 (Figure 1A) indicating that alginate plays a major role in resistance to non-opsonic phagocytosis. Since flow cytometry does not distinguish between internalized and bound P. aeruginosa, the results were confirmed using the gentamycin protection phagocytosis assay. Here, FRD1 or FRD1131 were incubated with THP-1 macrophages for 1 h, after which macrophages were washed, treated with gentamicin to kill extracellular bacteria, lysed, and intracellular bacteria were quantified by plate counts. The gentamycin protection assay measures the number of bacteria phagocytized, whereas the flow cytometric assay measures the number of macrophages that have phagocytized bacteria. As in the previous assay, phagocytosis of Alg+ FRD1 was significantly reduced compared to Alg- FRD1131 (Figure 1B). When alginate production was restored in FRD1131 by genetic complementation (FRD1131C’), phagocytosis of FRD1131C’ and FRD1 were similar, suggesting that alginate alone was responsible for the observed resistance to phagocytosis (Figure 1B). Together these data indicate that alginate production by P. aeruginosa significantly reduced the proportion of macrophages that phagocytized P. aeruginosa, as well as the total number of bacteria phagocytized by the macrophages.




Figure 1 | Effects of alginate production on the phagocytosis of P. aeruginosa. (A) Percentage of THP-1 macrophages that have phagocytized FRD1 and FRD1131 at 30 min. THP-1 macrophages were infected with GFP-expressing Alg+ FRD1 or Alg- FRD1131 for 30 min. Percent phagocytosis indicates the percent of macrophages that are associated with GFP-expressing P. aeruginosa as determined by flow cytometry. Phagocytosis of FRD1 was significantly inhibited compared to FRD1131. Data are shown as mean and standard deviation of 3 experiments. (B) Number of bacteria phagocytized by THP-1 macrophages in 1 h. THP-1 macrophages were infected with FRD1, FRD1131 or FRD1131C’ (Alg+) for 1 h. CFU indicates the number of colony-forming units recovered from macrophages. Phagocytosis of FRD1 and FRD1131C’ was significantly inhibited compared to FRD1131. Data are shown as mean and standard deviation of a representative triplicate experiment. (C) Percentage of MH-S macrophages that have phagocytized bacteria at 30 min. MH-S macrophages were infected with GFP-expressing FRD1 or FRD1131 for 30 min. Percent phagocytosis indicates the percent of macrophages that are associated with GFP-expressing bacteria as detected by flow cytometry. Phagocytosis of FRD1 was significantly inhibited compared to FRD1131. Data are shown as mean and standard deviation of 3 separate experiments. (D) Number of bacteria phagocytized by MH-S macrophages after 1 h. MH-S macrophages were infected with FRD1, FRD1131 or FRD1131C’ for 1 h. CFU indicates the number of colony-forming units recovered from macrophages. Phagocytosis of Alg+ FRD1 and FRD1131C’ were significantly inhibited compared to Alg- FRD1131. Data are shown as mean and standard deviation of 3 separate experiments. (E) Percentage of MH-S macrophages that have phagocytized opsonized bacteria after 30 min. MH-S macrophages were infected with GFP-expressing FRD or FRD1131 for 30 min in the presence of 0.5% human serum. Percent phagocytosis indicates the percent of macrophages that are associated with GFP-expressing bacteria as detected by flow cytometry. Opsonic phagocytosis of FRD1 was significantly inhibited compared to FRD1131. Data are shown as mean and standard deviation of 3 separate experiments. (F) Number of bacteria phagocytized by THP-1 macrophages after 1 hour in the presence of 0.5% human serum. THP-1 macrophages were infected with opsonized FRD1, FRD1131 or FRD1131C’ for 1 h in the presence of 0.5% human serum. CFU indicates the number of colony-forming units recovered from macrophages. Opsonic phagocytosis of Alg+ FRD1 and FRD1131C’ were significantly inhibited compared to Alg- FRD1131. Data are shown as mean and standard deviation of a representative triplicate experiment. Statistical significance was determined by ANOVA (* P < 0.05, ** P < 0.01, *** P < 0.001).



During pulmonary disease, P. aeruginosa encounters alveolar macrophages, which differ from peripheral macrophages in several important ways including receptor expression, altered activation and survival (Monick et al., 2004; Gwinn and Vallyathan, 2006). Therefore, it was important to determine if alginate production also affected phagocytosis by alveolar macrophages. To investigate this, the murine alveolar macrophage cell line MH-S was used. Similar to the results with THP-1 macrophages, phagocytosis of Alg+ FRD1 by MH-S was significantly reduced compared to Alg- FRD1131 with respect to both the percentage of macrophages that phagocytized bacteria (Figure 1C) and in the number of bacteria phagocytized (Figure 1D). Additionally, Alg+ FRD1131C’ was phagocytized significantly less than Alg- FRD1131, suggesting that alginate production alone is responsible for the inhibition of phagocytosis that was observed (Figure 1D).

Previous studies investigated the role of alginate in protecting planktonic P. aeruginosa, as well as P. aeruginosa in a biofilm, from opsonic killing (Ruhen et al., 1980; Cabral et al., 1987; Krieg et al., 1988; Pier et al., 2001; Leid et al., 2005). Since these studies addressed bacterial survival rather than phagocytosis directly, it was of interest to ascertain if alginate also inhibited opsonic phagocytic uptake of planktonic bacteria. Initial studies indicated that at all concentrations of serum (0.5%-10%) FRD1131 was phagocytized to a greater extent than FRD1 (Supplemental Figure S2). Like non-opsonic phagoctyosis, opsonic phagocytosis of FRD1 was significantly less than that of FRD1131 in both phagocytosis models (i.e., flow cytometry and gentamicin protection) in the presence of 0.5% serum, thus indicating that alginate plays a major role in the resistance of mucoid Pseudomonas to phagocytosis in general (Figures 1E, F).





Flagellin expression contributes to phagocytosis of mucoid Pseudomonas aeruginosa

Both flagellum and motility are critical for promoting the phagocytosis of P. aeruginosa (Mahenthiralingam et al., 1994; Mahenthiralingam and Speert, 1995; Amiel et al., 2010; Lovewell et al., 2011). To ensure that the inhibitory effects of alginate production on phagocytosis were not due to just changes in motility, we compared the motility of the different strains of P. aeruginosa using a soft-agar plate method. Strain PAO1 (a well-studied wound isolate) was observed to be highly motile, as was E. coli HfrH, but the FRD strains (i.e., FRD1, FRD1131 and FRD1131C’) were essentially non-motile (Figures 2A, B). FRD1 and FRD1131 have a mucA mutation, which is known to activate expression of the gene for AmrZ, a repressor of motility (Tart et al., 2005; Tart et al., 2006). Thus, lack of motility in the FRD strains was to be expected. Our motility tests showed that the algD::Tn501 mutation in FRD1131 did not enhance its motility. To test the possibility that the expression of flagelum in FRD1 might still contribute to its phagocytosis, we constructed flgB::transposon insertion mutants to eliminate expression of flagellum. The flgB mutant of strain PAO1 was ~100-fold less susceptible to phagocytosis compared to the wild-type parent strain (Figure 2C), which was consistent with previous studies. Interestingly, the flgB mutant of FRD1 was ~10-fold less susceptible to phagocytosis than the parent strain, suggesting that this surface structure can still contribute to phagocytic uptake even in a mucoid mucA strain where flagella production is repressed.




Figure 2 | Motility of P. aeruginosa strains and effect of a flagella mutation. (A) Representative images of motility plates incubated 24 h after inoculation. (B) Soft (0.5%) agar plates were inoculated with FRD1, FRD1131, FRD1131C’, PAO1 or E. coli HfrH and incubated at 37°C for 24 h. The diameter of the resulting growth was measured. FRD1, FRD1131, and FRD1131C’ demonstrated a lack of motility relative to the motile PAO1 and HfrH. Data are shown as mean and standard deviation of 3 separate experiments. (C) Effect of flagellum mutation on phagocytosis. MH-S macrophages were infected with FRD1, PAO1 and their Flg- mutants for 1 h. CFU indicates the number of colony-forming units recovered from macrophages. Phagocytosis of Flg- mutants was significantly decreased. Data are shown as mean and standard deviation of a representative triplicate experiment. Statistical significance was determined by ANOVA (* P < 0.05, ** P < 0.01, *** P < 0.001).







Bacterial expression of alginate is required for inhibition of phagocytosis

To determine if alginate activates a signaling pathway that inhibits phagocytosis, we investigated the effect of alginate on the phagocytosis of a non-alginate expressing strain. MH-S macrophages were cultured with Alg- FRD1131 in the presence of increasing concentrations of alginate. For these experiments the alginate was added with the FRD1131. However, the addition of alginate did not protect FRD1131 from phagocytosis when the alginate was purified from FRD1 (Figure 3A) or from brown seaweed (Supplemental Figure S3). This indicates that alginate does not activate an inhibitory pathway. To further address this issue, we determined whether the presence of Alg+ FRD1 protects Alg- FRD1131 from phagocytosis. Since FRD1 and FRD1131 have visually distinct colony morphologies (i.e., mucoid vs. nonmucoid), it was straightforward to distinguish the strains in a mixed culture. When both strains were added to macrophages together, there was no significant difference between the phagocytosis of FRD1131 when mixed with FRD1 compared to FRD1131 alone (Figure 3B). Thus, alginate production by FRD1 was unable to inhibit the phagocytosis of FRD1131, suggesting that alginate only benefits the individual bacteria that produce it. Likewise, FRD1 was phagocytized equally regardless of the presence of FRD1131. Taken together these findings demonstrate that alginate does not deliver a negative signal, but rather blocks activation of signaling necessary for phagocytosis.




Figure 3 | Effect of added alginate on the phagocytosis of nonmucoid P. aeruginosa. (A) MH-S macrophages were infected with GFP-expressing FRD1 or FRD1131 for 30 min in the presence of increasing concentrations of bacterial alginate. Percent phagocytosis indicates the percent of macrophages that are associated with bacteria as detected by flow cytometry. Phagocytosis of FRD1131 (Alg-) was not significantly inhibited by the addition of FRD1 alginate. Data are shown as mean and standard deviation of 3 separate experiments. (B) MH-S macrophages were infected with FRD1, FRD1131 or both strains combined for 1 h. CFU indicates the number of colony-forming units recovered from macrophages. Phagocytosis of FRD1131 was not significantly inhibited by the addition of FRD1. Data are shown as mean and standard deviation of three separate experiments.







Alginate production inhibits macrophage signaling cascades

The initial interaction between phagocytes and bacteria leading up to phagocytosis results in the activation of the phosphoinositide 3-kinase (PI3K) intracellular signaling pathway, which includes phosphorylation of AKT and ERK (Kannan et al., 2008). To explore the mechanism underlying alginate induced resistance to phagocytosis, the effect of FRD1 and FRD1131 infection on phosphorylation of AKT and ERK in MH-S macrophages were compared. Alg- FRD1131 induced p-AKT in MH-S cells as early as 15 min post infection, whereas Alg+ FRD1-induced activation was both weak and delayed to 30 min (Figure 4A). The duration of AKT activation was also significantly lower with FRD1 compared to FRD1131 activated macrophages, which maintained activation at 60 min post infection (Figure 4A). Similar to AKT activation, infection with FRD1 resulted in delayed and decreased ERK2 activation compared to infection with FRD1131 (Figure 4B). While p-ERK2 was faintly detectable at 30 min in the FRD1 samples, FRD1131 induced ERK activation as early as 15 min post infection.




Figure 4 | Effect of alginate production on intracellular signaling events. (A) Serum starved MH-S macrophages were infected with FRD1 or FRD1131 for 1 h. Cell lysates were collected and a Western blot was performed using anti-p-AKT and anti-pan-AKT antibodies. Infection with Alg+ FRD1 resulted in delayed AKT activation at 30 min compared to 15 min activation with FRD1131. Data shown is a representative triplicate experiment. (B) Serum starved MH-S macrophages were infected with FRD1 or FRD1131 for 30 min. Cell lysates were collected and a Western blot was performed using anti-p-ERK and anti-pan-ERK antibodies. Infection with Alg+ FRD1 resulted in decreased ERK activation at 30 min compared to Alg- FRD1131. Data shown is a representative triplicate experiment. (C) To determine the effect AKT and ERK inhibitors on phagocytosis, MH-S macrophages were infected with FRD1 or FRD1131 for 1 h in the presence of wortmannin, LY294002, or U0126. CFU indicates the number of colony-forming units recovered from macrophages. Both AKT inhibitors, wortmannin and LY294002, significantly inhibited phagocytosis of FRD1, FRD1131 and PAO1. However, the ERK inhibitor U0126 was unable to inhibit phagocytosis of any strain tested. Data are shown as mean and standard deviation of a representative triplicate experiment. Statistical significance was determined by ANOVA (* P < 0.05, ** P < 0.01, *** P < 0.001).



To confirm that AKT and ERK pathways are indeed important for the phagocytosis of P. aeruginosa by alveolar macrophages, the effect of specific pathway inhibitors on phagocytosis was evaluated. When MH-S macrophages were pretreated with wortmannin, LY294002, or U0126, inhibition of the activation of PI3 kinase or ERK1/2 was demonstrated (Supplemental Figure S4). Both AKT inhibitors, (wortmannin and LY294002) significantly inhibited phagocytosis of all P. aeruginosa strains tested (Figure 4C). However, the ERK inhibitor (U0126) did not inhibit phagocytosis of FRD1, FRD1131 or PAO1 (Figure 4C). Taken together these findings indicate that alginate production by P. aeruginosa inhibits interaction with macrophages, depressing PI3K signaling, which in turn leads to inhibition of phagocytosis.





Alginate production inhibits the binding of P. aeruginosa to macrophage receptors

The first step in phagocytosis is the binding of bacterial ligands to receptors on the macrophage surface that tether the bacteria to the phagocyte. Since alginate, either exogenous or alginate produced in a mixed culture, was unable to inhibit phagocytosis, it was possible that alginate on the bacterial surface could interfere with binding to the macrophages and thus the activation of signaling pathways that are required for phagocytosis. To determine if alginate inhibits binding to macrophages, cytochalasin D was used to inhibit actin polymerization and prevent phagocytosis without affecting cell surface binding. Alg+ strains FRD1 and FRD1131C’ were shown to bind significantly less than Alg- FRD1131 (Figure 5A), indicating that alginate production inhibits binding to macrophages.




Figure 5 | Alginate production blocked receptor-ligand binding. (A) To determine if alginate production affects tethering to macrophages, MH-S macrophages were treated with cytochalasin D to inhibit phagocytosis and infected with FRD1, FRD1131 or FRD1131C’ for 1 h. After incubation, macrophages were washed to remove unbound bacteria and lysed to free any bound bacteria. CFU indicates the number of colony-forming units recovered from macrophages. Binding of FRD1 and FRD1131C’ was significantly reduced compared to FRD1131. Data are shown as mean and standard deviation of a representative triplicate experiment. (B, C) To identify cell surface receptors that bind P. aeruginosa FRD, MH-S macrophages were treated with CD11b (Abcam, ab64347) or CD14 (Abcam, ab6083) blocking antibodies and infected with FRD1 (B) or FRD1131 (C) for 1 h. A rat IgG2b isotype control (BD Biosciences, 16061) was used which would presumably function similarly as a control for both the rat (CD11b) and murine (CD14) antibodies. CFU indicates the number of colony-forming units recovered from macrophages. Both antibodies significantly inhibited phagocytosis of FRD1131 compared to the isotype control. However, phagocytosis of FRD1 was not significantly inhibited by either antibody. Data are shown as mean and standard deviation of a representative triplicate experiment. Statistical significance was determined by ANOVA (* P < 0.05, ** P < 0.01, *** P < 0.001).



Next, the effect of alginate expression on binding to specific cell surface receptors was explored. Both CD11b (known as CR3 in the mouse) and CD14 have been shown to be important for the phagocytosis of P. aeruginosa by macrophages and dendritic cells and to activate PI3 kinase signaling (Heale et al., 2001). Considering the above tethering results, the possibility was raised that alginate interfered with binding to either of these receptors. To address this, MH-S macrophages were pretreated with specific blocking antibodies or an isotype control before infection with FRD1 or FRD1131. When pretreated with α-CD11b(CR3) or α-CD14, phagocytosis of Alg- FRD1131 was inhibited at least 2-fold (Figure 5B). In contrast, phagocytosis of Alg+ FRD1 was not significantly inhibited by the addition of receptor blocking antibodies (Figure 5C), suggesting that alginate interferes with binding to these receptors.





Alginate expression does not affect chemokine production

Cytokine production plays an important role in promoting lung damage in CF patients (Balough et al., 1995; Tabary et al., 1998; Brennan, 2008). Many neutrophils traffic to the lung, which leads to lung damage despite the inability to clear the infection. IL-8 is a chemokine produced by macrophage that functions as a major neutrophil chemoattractant. As shown above, mucoid P. aeruginosa inhibited AKT activation, which could affect downstream activation of NF-κB. Since NF-κB is responsible for IL-8 production, alginate expression could lead to reduced cytokine production in macrophages due to decreased receptor-ligand interactions (Yang and Jones, 2009). To determine if IL-8 production was affected by alginate production, the level of IL-8 in supernatants of THP-1 was measured 8 h post infection. Interestingly, there was no significant difference in the amount of IL-8 induced by Alg+ FRD1 compared to Alg- FRD1131 (Figure 6A). This suggested that the majority of IL-8 produced by macrophages was contact independent. If this were the case, the inhibited binding due to alginate would not affect IL-8 production. To determine if contact with P. aeruginosa was necessary for IL-8 production, FRD1 and FRD1131 were cultured in RPMI for 8 h, supernatants were collected and then applied to THP-1 macrophages for an additional 8 h. As shown in Figure 6A, the P. aeruginosa supernatants of Alg+ and Alg- strains were able to induce IL-8 in THP-1 macrophages. There was no significant difference in the amount of IL-8 induced by the supernatants compared to the amount induced by the P. aeruginosa strains themselves. Therefore, IL-8 production by THP-1 macrophages appeared to be contact independent and was unaffected by the production of alginate.




Figure 6 | Effect of alginate production on IL-8 and MIP-2 production. (A) To determine the effect of alginate on IL-8 production, THP-1 macrophages were infected with FRD1 or FRD1131, or treated with FRD1 or FRD1131 supernatants (Supe) for 8 h. Supernatants were collected and analyzed by ELISA for IL-8 production. No significant difference was found between the amount of IL-8 induced by FRD1 compared to FRD1131, nor their supernatants. Data are shown as mean and standard deviation of 3 separate experiments. (B) To determine the effect of alginate on MIP-2 production, MH-S macrophages were infected with FRD1, FRD1131, or treated with FRD1 or FRD1131 supernatants for 8 h. Supernatants were collected and analyzed by ELISA for MIP-2 production. No significant difference was found in the amount of IL-8 induced by FRD1 compared to FRD1131, nor by their respective supernatants. Data are shown as mean and standard deviation of three separate experiments. (C) To examine contact dependence on MIP-2 production, MH-S macrophages were infected with FRD1 or FRD1131 either directly or above a filter for 8 h. Supernatants were collected and analyzed by ELISA for MIP-2 production. No significant difference was found between the amount of IL-8 induced by FRD1 compared to FRD1131, nor when separated by a filter (although the filters changed the volume which lowered the overall MIP-2 concentration). Data are shown as mean and ANOVA analysis of three separate experiments.



Murine macrophages do not produce IL-8 and instead produce a similar neutrophil chemoattractant called MIP-2. MH-S macrophages were cultured with FRD1 or FRD1131 for 8 h. As with IL-8 production, there was no significant difference in the amount of MIP-2 produced between FRD1 and FRD1131 (Figure 6B). Additional chemokines (e.g., monocyte CCL2) were not tested. Supernatants collected after eight hours of culture were tested to determine contact independence of MIP-2 production. There was no significant difference in MIP-2 production induced by the supernatants compared to the strains themselves (Figure 6B). A possible problem with the use of 8 h supernatants was that the soluble, stimulatory factors in the supernatants would be highly concentrated immediately, whereas the wells with the P. aeruginosa strains added directly would slowly build up to that high concentration over the 8 h incubation. As a more direct assessment of the contact dependence of MIP-2 production, 0.4 µm filter inserts were used to separate the added P. aeruginosa from the macrophages to allow soluble factors to diffuse throughout the media. As in the previous experiments, there was no significant difference in the amount of MIP-2 produced between Alg+ FRD1 and Alg- FRD1131 with, or without, the filter (Figure 6C). However, the use of the filter reduced the amount of MIP-2 produced suggesting that MIP-2 production was due to soluble factors and somewhat independent of contact with the bacteria.






Discussion

The goal of this research was to determine the mechanism by which alginate, an exopolysaccharide secreted by mucoid P. aeruginosa, inhibits their phagocytosis and destruction by macrophages as occurs in a biofilm. The mucoid phenotype is common to strains isolated from patients with CF and COPD that have chronic pulmonary disease with P. aeruginosa. The mucoid phenotype has been shown to enhance the survival of P. aeruginosa in the lung and significantly increase the morbidity and mortality of CF patients (Govan and Deretic, 1996; Sadikot et al., 2005). Mucoid P. aeruginosa is protected against non-opsonic phagocytosis in both the planktonic and biofilm modes of growth (Ruhen et al., 1980; Cabral et al., 1987; Krieg et al., 1988; Pier et al., 2001; Leid et al., 2005). Therefore, a better understanding of how alginate protects P. aeruginosa from phagocytosis could lead to the development of novel therapeutics for chronic pseudomonal infections. In this study we sought to quantitatively measure the effect of alginate production on the inhibition of non-opsonic phagocytosis of planktonic P. aeruginosa.

In initial experiments, the human monocytic cell line THP-1 was used as a model for phagocytosis. However, since alveolar macrophages are known to have characteristics that distinguish them from peripheral macrophages, we primarily used the murine alveolar macrophage cell line MH-S which is more similar to those present in the lung infection environment (Monick et al., 2004; Gwinn and Vallyathan, 2006). Nevertheless, comparable results were obtained with both macrophage cell lines. P. aeruginosa strain FRD1, a genetically manipulable mucoid CF clinical isolate (Ohman and Chakrabarty, 1981), was used to address the effect of alginate production (Alg+) on phagocytosis. FRD1131 is a non-mucoid isogenic algD::Tn501-33 mutant (Chitnis and Ohman, 1993), and the site of the transposon was precisely mapped here. The Alg+ phenotype was readily restored to FRD1131 by genetic complementation. Since the only difference between these bacterial strains was the production of alginate, we could specifically examine the effect of alginate expression on phagocytosis. Both strains had the mucA mutation, which is typical in mucoid conversion (Martin et al., 1993), so both have the complex σ22 stress-response system activated (Wood et al., 2006; Wood and Ohman, 2009). Phagocytosis was assessed using two assays that measured different aspects of phagocytosis. The total number of bacteria that were phagocytized was determined using the gentamicin protection assay where macrophages were lysed and CFUs counted. The fraction of macrophages engaged in phagocytosis was determined by using GFP-expressing bacteria and flow cytometry. Initial experiments confirmed that Alg+ FRD1 was indeed significantly more resistant to opsonic and non-opsonic phagocytosis than its Alg- mutant derivative, FRD1131.

Since flagella-mediated motility plays a major role in the effectiveness of phagocytic uptake of P. aeruginosa (Amiel et al., 2010; Lovewell et al., 2011), it was important that we also consider the role of the flagellum. Alginate production and flagellum expression are inversely expressed in P. aeruginosa when mucA mutation activates σ22 (Tart et al., 2005; Tart et al., 2006). Consistent with this, both FRD1 and FRD1131, which have a mucA mutation, appeared to be non-motile under laboratory conditions. Interestingly, flagellar motility and not just the flagellum itself appears to be responsible for the higher rate of phagocytosis of P. aeruginosa (Amiel et al., 2010; Lovewell et al., 2011). Flagellar motility is also critical for internalization, but not binding to phagocytic cells (Mahenthiralingam et al., 1994; Mahenthiralingam and Speert, 1995). Interestingly, we observed a 10-fold reduction in phagocytosis when flagellum expression in FRD1 was removed by mutation. However, the same flagella mutation in mucA+ PAO1 resulted in a 100-fold reduction in the rate of phagocytosis. These results suggests that flagellar motility was at least transiently expressed by FRD strains under the conditions examined here despite the down regulation of flagellum expression that occurs when σ22 is activated due to mucA mutation and the apparent non-motility observed. In that both Alg+ FRD1 and Alg- FRD1131 appear to be equivalent with respect to flagellar motility, then it was reasonable to assume their differences in phagocytic susceptibility is due to alginate and not motility. It is also worth noting that differences in the macrophages and P. aeruginosa strains utilized could affect the analysis of motility and phagocytosis. In this study we used human and murine macrophage cell lines, whereas previous studies used human peripheral blood monocyte-derived macrophages that may express different amounts of TLR5, which is a receptor for flagellum.

Previous studies suggest that exogenous alginate may protect planktonic and biofilm P. aeruginosa from phagocytic killing (Ruhen et al., 1980; Leid et al., 2005), raising the possibility that alginate activates a signaling pathway that inhibits phagocytosis. However, when cultured together, alginate produced by FRD1 was unable to inhibit the phagocytosis of Alg- FRD1131. This implied that alginate did not induce a negative signal within the macrophages because the presence of alginate in the media would have inhibited phagocytosis if that were the case. Also, alginate added exogenously even at high levels (1 mg ml-1) was unable to protect nonmucoid P. aeruginosa from phagocytosis. Again, this indicated that alginate was not negatively regulating macrophages or else this would have inhibited the phagocytosis of Alg- FRD1131. This suggested that expression of alginate on the bacterial surface interfered with a receptor-ligand interaction that is necessary for promoting phagocytosis.

The initial interaction between phagocytes and bacteria involves multiple receptors and the activation of signaling cascades. Previous studies have implicated both the PI3K and MAPK pathways in phagocytosis (Kannan et al., 2008). Furthermore, CD11b (i.e., CR3 in mice) and CD14, which are implicated in uptake of P. aeruginosa, can contribute to PI3K signaling (Thieblemont et al., 1995; Medvedev et al., 1998; Heale et al., 2001; Sun et al., 2010), which is one of the multiple signaling pathways implicated in phagocytosis (Flannagan et al., 2012). Thus, to explore the mechanism underlying alginate induced resistance to phagocytosis, the effect of FRD1 and FRD1131 infection on the down-stream phosphorylation of AKT and ERK in macrophages was compared. The results showed that soon after infection, Alg- FRD1131 induced p-AKT and p-ERK. However, by comparison, Alg+ FRD1 showed reduced activation and it was delayed. The addition of AKT inhibitors significantly inhibited the phagocytosis of P. aeruginosa, confirming that this pathway is indeed important for the phagocytosis of P. aeruginosa by alveolar macrophages. Overall, these findings suggest that alginate production by P. aeruginosa blocks phagocyte-bacterial interaction, which depresses PI3K signaling and leads to inhibition of phagocytosis.

The first step in phagocytosis is the binding of bacterial ligands to receptors on the macrophage surface, which tethers the bacteria to the phagocyte. Since exogenous alginate or alginate produced in a mixed culture were unable to inhibit phagocytosis, it was possible that alginate on the bacterial surface could interfere with binding to the macrophages and thus the activation of signaling pathways that are required for phagocytosis. To determine if alginate inhibits binding to macrophages, cytochalasin D was used to inhibit actin polymerization and therefore prevent phagocytosis, but the drug would not affect cell surface binding. Alg+ strains FRD1 and FRD1131C’ were shown to bind significantly less than the Alg- FRD1131, suggesting that alginate production inhibits binding to macrophages. To identify receptors that may be blocked by alginate, we investigated the contribution of CD11b and CD14, which are cell surface receptors that have been reported to facilitate the phagocytosis of P. aeruginosa (Heale et al., 2001). CR3(CD11b) has been shown to bind to a number of ligands associated with P. aeruginosa including LPS, APG, and β-glucan (Brown, 2006; Zhou et al., 2013). Blocking either CD11b or CD14 with specific antibodies led to a significant decrease in phagocytosis of non-mucoid P. aeruginosa by murine macrophages, indicating that these receptors play a role in the uptake of strain FRD. However, this inhibitory effect was not significant with mucoid P. aeruginosa, suggesting that both of these receptors were being blocked by alginate and that further blockade with the antibodies was ineffective. CD11b and CD14 can activate PI3K and MEK1/2. CD14/TLR4 signaling through MyD88, IRAK1/4, and TRAF6 activate PI3K and MEK1/2 (Schepetkin and Quinn, 2006). CR3 can also lead to PI3K and MEK activation through PLC and protein kinase C (PKC) (Schepetkin and Quinn, 2006; Hajishengallis, 2010; Underhill and Goodridge, 2012). AKT and ERK phosphorylation were used to measure PI3K and MEK1/2 activation. Both ERK and AKT activation were decreased by alginate production. While PI3K activation was found to be critical for phagocytosis of P. aeruginosa, loss of MEK activation had no significant effect. However, reduced ERK activation by alginate may lead to altered inflammatory signaling despite not being necessary for phagocytosis.

Interestingly, we found no significant difference in the amount of IL-8 or MIP-2 induced by Alg+ and Alg- P. aeruginosa. This could be because MIP-2 induction was found to be at least partially contact-independent, which is often the case in cytokine induction (Underhill and Goodridge, 2012). It is possible that while IL-8 and MIP-2 production are NF-κB dependent, NF-κB may be sufficiently activated despite reduced AKT signaling. It is also possible that NF-κB activity is stimulated through a PI3K-independent pathway, which could be accomplished through other scavenger and pattern recognition receptor signaling.

In summary, this study demonstrated for the first time that alginate on the bacterial surface blocks binding of the bacteria to macrophages via CD14 and CR3 causing decreased intracellular signaling and reduced phagocytosis. Interestingly, the decreased binding did not appear to inhibit chemokine production. Inhibition of phagocytosis while maintaining cytokine production may exacerbate lung inflammation and subsequent tissue destruction by recruiting more neutrophils to the lung environment without clearing the infection. These findings argue that therapies specifically designed to either interfere with alginate production or enhance phagocytosis could prove useful in the treatment of chronic lung infections by mucoid P. aeruginosa.




Experimental procedures




Bacterial culture media and growth conditions

P. aeruginosa and Escherichia coli strains were routinely grown in L broth (10 g tryptone, 5 g yeast extract, 5 g NaCl per liter), which was also solidified with 1.5% agar for L agar plates. Strains were grown routinely in L broth at 37°C with shaking. Antibiotics were included when necessary for plasmid maintenance at the following concentrations for P. aeruginosa: ampicillin, 100 µg ml-1; carbenicillin, 150 µg ml-1; kanamycin, 30 µg ml-1; and tetracycline, 100 µg ml-1.





Bacterial strains and plasmids

The bacterial strains and plasmids used in this study are shown in Table 1. P. aeruginosa FRD1 is a CF clinical isolate in which alginate production is constitutively active due to a mucA22 mutation. FRD1131 is an isogenic mutant of FRD1 that contains a Tn501-33 insertion mapped to the algD promoter; algD is the first gene in the alginate operon and the transposon is polar on all downstream genes, so FRD1131 is unable to produce alginate. pALG2 contains the entire algD operon and complemented FRD1131 back to the mucoid phenotype by integrating the plasmid (of narrow host range) into the chromosome by homologous recombination. PAO1 is a clinical wound isolate that does not produce alginate. GFP-expressing strains were constructed by transferring pMF230 into the recipient strain by conjugation using the conjugative helper plasmid pRK2013.


Table 1 | Bacterial strains and plasmids used in this study.








Determination of the site of Tn501-33 in FRD1131

The site of the Tn501-33 insertion in FRD1131 was previously determined to be at algD by restriction mapping analysis (Chitnis and Ohman, 1993). To determine the precise location of the transposon, inverse PCR was used. FRD1131 chromosomal DNA was digested with SalI, which cuts 1886 bp from one end of Tn501. The DNA fragments of the SalI digest were purified (QIAquick PCR purification kit) and then circularized with T4 DNA ligase. Primers specific for the ends of the Tn501 sequences (bold) with Gateway cloning sequences (GGGGACAAGTTTGTACAAAAAAGCAGGCT-ctacgattgaccgcagtaag, GGGGACCACTTTGTACAAGAAAGCTGGGT-caaagagctgtcacgagaac) were used to amplify the DNA containing the junction between Tn501 and chromosomal DNA, which was cloned into pDONR221 with BP Clonase II (Invitrogen) and transformed into E. coli DH5α. The sequence analysis of this plasmid showed that Tn501-33 was located 16 bp downstream of the algD start of transcription and 351 bp upstream of the algD start codon.




Strain construction

A PAO1 library of sequence-defined (tetracycline-resistant) transposon Tn5-related insertions (Held et al., 2012) was purchased from The University of Washington. A specific transposon was moved into the FRD1 chromosome by phage transduction using phage F116L. Briefly, plate lysates were made on the PAO1 library mutant, and the filter-sterilized lysate was incubated for 4 h with the recipient strain and then plated onto L-agar with tetracycline (100 µg ml-1) to select for inheritance of the transposon by homologous recombination.





Macrophage culture

Human THP-1 and murine MH-S macrophages were purchased from the American Type Culture Collection (TIB-202 and CRL-2019, respectively) and grown in complete RPMI containing 10% fetal bovine serum (Gibco), 100 U/ml penicillin and streptomycin, and 2 mM L-glutamine. Cells were counted by hemocytometer prior to plating for each experiment. THP-1 cells were differentiated into phagocytes with 12-O-tetradecanoylphorbol-13-acetate (TPA) (Sigma, final concentration 3.2 x 10-7 M) for 2 days prior to infection experiments (Tsuchiya et al., 1982).





Flow cytometry-based phagocytosis assay

Sterile 12-well plates were seeded with 2 x 105 cells of THP-1 or MH-S macrophages in RPMI with serum and antibiotics and incubated at 37°C in 5% CO2 for 30 min to become adherent to plates. Overnight cultures of GFP-expressing bacterial strains were diluted 1:10 in L broth and grown for ~2 h to mid-log phase growth at 5 x 108 CFU ml-1 (OD600 0.8). Bacterial cultures were added (10 µl) to the macrophages at an MOI of 50:1 and incubated at 37°C in 5% CO2 for 30 min. Media was removed from the adherent macrophage cultures, which were then gently washed with phosphate buffered saline (PBS) and harvested with phosphate buffered saline (PBS) + 0.02% EDTA. The cells were analyzed by flow cytometry (VCU Flow Cytometry Core Facility) to determine the percentage of cells with internalized GFP-expressing bacteria. Macrophage gating was determined first by forward scatter versus side scatter to eliminate dead cells and debris. Secondary gating was determined by GFP expression versus red autofluorescence to count the number of macrophages containing GFP-expressing bacteria (Pils et al., 2006).





Gentamicin protection assay

Phagocytosis of bacteria was evaluated by their protection from gentamicin as previously described (Fleiszig et al., 1997). Briefly, 2 x 105 THP-1 or MH-S macrophages were grown in 12-well plates prior to infection. Macrophages were infected with different bacterial strains at an MOI of 50:1 as described above, and incubated at 37°C in 5% CO2 for 1 h. MH-S cells were washed with cold PBS, treated with gentamicin (2 mg ml-1) for 30 min to kill extracellular bacteria, washed twice with cold PBS, and subsequently lysed with 0.25% SDS to release intracellular bacteria. Controls included wells containing only bacteria treated with gentamicin (2 mg ml-1) for 30 min or 0.25% SDS, which resulted in 0% or 100% CFU, respectively, compared to the mixed wells. Cell lysates were serially diluted 1:10 and 100 µl of the dilutions were spread on L agar plates. Plates were incubated at 37°C overnight and colonies were counted to determine CFU. In some experiments, blocking antibodies were added 15 min prior to infection and signaling inhibitors were added 30 min prior to infection.





Motility assay

Flagella mediated motility was determined as previously described (Luzar et al., 1985). Briefly, overnight cultures of bacterial strains were diluted 1:10 and grown for ~2 h until mid-log phase growth (OD600 0.8). Soft L agar plates (0.5% agar) were inoculated at one central point with 1 µl of the mid-log phase bacterial culture. After incubating at 37°C for 24 h, the diameters of the resulting growth were measured.





Alginate isolation and purification

Alginate secreted by P. aeruginosa FRD1 was partially purified as previously described (Franklin et al., 1994). Briefly, 1 ml of an overnight culture of alginate producing strain FRD1 was inoculated into 100 ml of L broth incubated overnight at 37°C with aeration. The culture was then centrifuged at 16,264 x g at 5°C for 60 min, and the supernatant was mixed with 2 vol of cold ethanol. The alginate precipitate was removed with a glass rod, placed in a petri dish, dried at 37°C and dissolved in 100 ml of 1 M NaCl at 5°C with agitation for 16 h. 100 ml of cold isopropanol was added to precipitate the alginate, and the mixture was centrifuged at 10,000 RPM at 5°C for 60 min. The pellet was dissolved in 20 ml saline by shaking overnight at 37°C. Once dissolved, contaminating proteins were removed by incubation with trypsin (0.5 mg ml-1) for 2 h at 37°C with shaking. 1 g of NaCl was dissolved in the mixture followed by the addition of 1 vol of cold isopropanol. The solution was centrifuged at 16,264 x g at 5°C for 60 min. The resulting precipitate was dissolved in 20 ml saline and dialyzed against distilled water. Alginate concentration was determined spectrophotometrically as previously described (Knutson and Jeanes, 1968) using seaweed alginate (Sigma) as a standard.





Western blot analysis

2 x 106 MH-S macrophages per well were cultured in 6-well plates, serum starved for 6 h and infected at an MOI of 50:1 as described above. After infection, macrophages were washed twice with cold PBS and lysed with 70 µl RIPA (Cell Signal) containing 1 mM PMSF and supernatants were frozen at -80°C prior to analysis. Proteins (20 µg) were separated by SDS-PAGE and transferred to PVDF membranes using a semi-dry transfer cell (Bio-Rad) as described (Miller et al., 2008). The membrane was blocked with 2% BSA in TBS/Tween (0.05%, Amresco K873) for 1 h. Primary antibodies (anti-Phospho-Akt, anti-Akt, anti-Phospho-p44/42 MAPK, anti-p44/42 MAPK) (Cell Signal, 4060, 4691, 4370, 4695) were added at 1:1000 in TBS/Tween with 2% BSA at 4°C with shaking overnight. The membrane was washed 3 times, for 10 min each, with TBS/Tween and incubated with secondary antibody (α-Rabbit IgG-peroxidase, Sigma A9169) at 1:5000 in TBS/Tween with 2% BSA for 45 minutes at room temperature with shaking. The blot was washed 4 times, for 10 min each, with TBS/Tween. West Pico chemiluminescence substrate (Thermo Sci 34080) was added for 5 min prior to film exposure. To strip the blot to allow for additional probes, stripping buffer (Thermo Sci 21059) was added for 15 min at room temperature with shaking. The blot was washed with TBS/Tween and blocked with 2% BSA for 1 h.





IL-8 and MIP-2 ELISA

2 x 105 THP-1 or MH-S macrophages were grown in 12-well plates for 16 h, infected with different bacterial strains at an MOI of 50:1 and incubated at 37°C in 5% CO2 for 8 h. Supernatants were collected and centrifuged to remove any remaining bacteria. IL-8 or MIP-2 levels were determined by ELISA using Quantikine kits (R&D Systems d8000c, mm200) as described by the manufacturer.
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Supplementary Figure 1 | Time course of phagocytosis of FRD1 and FRD1131 by MH-S macrophages. (A) MH-S macrophages were infected with GFP-expressing Alg+ FRD1 or Alg- FRD1131 for various time points up to 1 h. Percent phagocytosis indicates the percent of macrophages that are associated with GFP-expressing P. aeruginosa as detected by flow cytometry. Reduced phagocytosis of FRD1 compared to FRD1131 was observed as early as 30 min. Data represent one typical experiment of several performed. (B) Visualization of THP-1 macrophages following phagocytosis of GFP-expressing FRD1 and FRD1131. Images show GFP-expressing P. aeruginosa overlaid on a visible light image of THP-1 macrophages. THP-1 macrophages were infected with GFP-expressing FRD1 or FRD1131 for 30 min and visualized by fluorescent microscopy. Inhibited phagocytosis, and association, was observed with FRD1 compared to FRD1131.

Supplementary Figure 2 | Percentage of MH-S macrophages that have phagocytized FRD1 or FRD1131 with increasing concentrations of human serum. MH-S macrophages were infected with GFP-expressing FRD1 or FRD1131 for 30 min in the presence of increasing concentrations of human serum. % Phagocytosis indicates the percent of macrophages that are associated with GFP-expressing P. aeruginosa as detected by flow cytometry. A substantial difference in the phagocytosis of FRD1 compared to FRD1131 was observed beginning at 0.5% human serum. Data represent the results of 1 of 3 typical experiments.

Supplementary Figure 3 | Percentage of MH-S macrophages that have phagocytized FRD1131 after 30 min in the presence of seaweed alginate. MH-S macrophages were infected with GFP-expressing FRD1131 for 30 min with increasing concentrations of alginate from brown seaweed. % Phagocytosis indicates the percent of macrophages that are associated with GFP-expressing bacteria as detected by flow cytometry. Phagocytosis of Alg- FRD1131 was not significantly inhibited by the addition of seaweed alginate. Data are shown as mean and standard deviation of three samples.

Supplementary Figure 4 | Western blots showing p-ERK2, total ERK1/ERK2, p-AKT, and total AKT from MH-S macrophages after phagocytosis of FRD1 or FRD1131 in the presence of inhibitors. (A) To demonstrate AKT inhibition, serum starved MH-S macrophages treated with wortmannin or LY294002 and infected with Alg- FRD1131 for 30 min. Cell lysates were collected and a Western blot was performed using anti-p-AKT or anti-pan-AKT antibodies. Both wortmannin and LY294002 successfully inhibited AKT activation. (B) To demonstrate ERK inhibition, serum starved MH-S macrophages treated with U0126 and infected with Alg- FRD1131 for 30 min. Cell lysates were collected and a Western blot was performed using anti-p-ERK, and anti-pan-ERK antibodies. Despite low baseline phosphorylation, U0126 was able to inhibit ERK activation.
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