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ABSTRACT

Background: Genome plasticity of Streptococcus pneumoniae is responsible for the reduced efficacy of various antibiotics and capsular polysaccharide-based vaccines. Therefore, targets independent of capsular types are sought to control the pneumococcal pathogenicity. UDP-glucose pyrophosphorylase (UGPase) is one such desired candidate being responsible for the synthesis of UDP-glucose, a sugar precursor in capsular biosynthesis and metabolic Leloir pathway. Being crucial to pneumococcal pathobiology, the effect of UGPase inhibition on virulence was evaluated in vitro.

Methods: A putative inhibitor, uridine diphosphate (UDP), was evaluated for effective inhibitory concentration in S. pneumoniae and A549 cells, its efficacy and toxicity. The effect of UDP on adherence and phagocytosis was measured in human respiratory epithelial (A549 and HEp-2) and macrophage (THP1 and J774.A.1) cell lines respectively.

Results: A differential effective inhibitory concentration of UDP for UGPase inhibition was observed in S. pneumoniae and A549 cells, that is, 5 and 100 µM respectively. UDP treatments lowered percent cytotoxicity in pneumococcal-infected monolayers and didn’t exert adverse effects on viabilities. S. pneumoniae adherence to host cells decreased significantly with UDP treatments. UDP induced the secretion of interleukin (IL)-1β, tumor necrosis factor (TNF)-α, IL-6, and IL-8 and increased pneumococcal phagocytosis.

Conclusion: Our study shows UDP-mediated decrease in the virulence of S. pneumoniae and demonstrates UDP as an effective inhibitor of pneumococcal UGPase.
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Introduction

Streptococcus pneumoniae (pneumococcus) is an important healthcare-associated pathogen being responsible for various invasive pneumococcal diseases (IPDs), for example, bacteremia, pneumonia, septicemia, and meningitis, and non-IPDs, for example, acute otitis media and sinusitis (1). Pneumococcal infections are associated with significant morbidity and mortality globally, specifically in children younger than 5 years, elderly adults, and individuals with immune deficiencies. Global disease burden and mortality estimates have documented 341,029 deaths in children aged below 5 years; 494,340 deaths in the elderly (aged above 70 years), and total 1,189,937 deaths among all ages due to pneumococcal infections (2,3,4). This huge burden of pneumococcal diseases is fueled by the rise of new capsular serotypes and spread of antimicrobial-resistant clones (5). Introduction of the capsular polysaccharide (CPS)-based vaccines and pneumococcal conjugate vaccines had provided a little relief, but they still remain unsatisfactory due to limited serotype protection and replacement, restricted efficacy of vaccine at the mucosal surface, implementation issues, and high cost (6,7). Hence, formulation of alternative preventive measures independent of serotypes is inevitable for the better management of pneumococcal diseases.

Pneumococcal strains have been shown to synthesize a distinct serotype-specific polysaccharide capsule capable of dodging host immune components (8,9). The loss of capsule has been associated with rapid phagocytosis (10,11). Genetic dissection of the cps/cap gene cluster encoding for CPS had strongly advocated the involvement of other unlinked genes that are dispersed in chromosome in CPS synthesis (12,13). One of the genes, galU, encodes for enzyme uridine diphosphate (UDP)-glucose pyrophosphorylase (UGPase), and its role in the virulence of various gram-negatives and gram-positives is well studied (14,15,16,17,18,19). UGPase catalyzes the synthesis of UDP-glucose (UDP-glc), which is an important glycosyl donor for the modification and interconversion of sugars in metabolic and capsular pathways (17,19,20). The galU mutants of pneumococcus have been shown to be acapsular despite the presence of functional cps genes (14,19).

UGPase has been considered as a suitable target to control the pneumococcal virulence (17,21) as galU has been reported in all pneumococcal strains regardless of capsular types (14). Also, mammalian UGPases have been evolutionarily unrelated to their prokaryotic counterparts, suggesting that its putative inhibitors would not be inimical to the host (17,21,22). The effects of UGPase inhibition in the pathogenicity of pneumococcus have not been elucidated so far despite the availability of evidence of gene mutation studies (19). A study has screened few chemical inhibitors for the inhibition of UGPase activity in a calorimetric assay from purified extracts (23), but no study is available on inhibitor-mediated host-pathogen interaction. Therefore, for the selection of UGPase inhibitor, we modeled and analyzed the structure of S. pneumoniae UGPase using I-TASSER (Iterative-Threading ASSEmbly Refinement) server (http://zhang.bioinformatics.ku.edu/I-TASSER) to delineate its tertiary structure, active site residues, and properties. In this study, we have studied the effect of UGPase inhibition on the virulence of S. pneumoniae during host-pathogen interactions and validated a putative inhibitor of pneumococcal UGPase for its inhibition potentials and efficacy in vitro.



Materials and methods

This study was approved by the Institute Ethics Committee (IEC Memo no. 87770-PG11-ITRG/11384). Respiratory epithelial (A549 and HEp-2) and macrophage (J774.A.1 and THP1) cell lines were procured from the cell repository of National Centre for Cell Sciences (NCCS), Pune, India. S. pneumoniae reference strains D39 (NCTC 7466) and MTCC 655 (NCTC 7465) were procured from Microbial Type Culture Collection (MTCC), IMTECH, Chandigarh, India. A clinical blood isolate of serotype 19F was also used in the study as its occurrence has been reported frequently in IPDs. Clinical strain was isolated from the blood sample of a patient suffering from lower respiratory tract infection of S. pneumoniae only.



Cell culture

A549 and THP1 cell lines were cultured and maintained in RPMI 1640, while HEp-2 and J774.A.1 cell lines were cultured in Minimal Essential Medium (MEM) and Dulbecco’s Modified Eagle’s Medium (DMEM), respectively, at 37°C with 5% CO2. All the media were supplemented with 10% (v/v) heat-inactivated fetal bovine serum (FBS), 0.15% (v/v) sodium bicarbonate, streptomycin (100 µg/mL), and penicillin (100 U/mL). Antibiotic-free media were prepared for experiments involving bacterial infection.


UDP as UGPase inhibitor

Effective concentration of UDP as inhibitor of UGPase was evaluated by UGPase assay (17) in both S. pneumoniae and A549 cells. Log phase culture of S. pneumoniae and confluent cell monolayers were treated with UDP at different concentrations for 1 hour at 37°C and 5% CO2. A549 cells in phosphate-buffered saline (PBS) were lysed with three cycles of temperature-shock (5 minutes each). Bacterial pellets were sonicated (3 cycles; pulse 10 seconds ON, 30 seconds OFF) in ice bath. UGPase activity was assessed in total 1 mL reaction mixture with freshly prepared extracts (100 μL) at 25°C. Reaction mixture constituted 50 mM Tris-HCl buffer (pH 7.5), 16 mM MgCl2, 0.6 mM β-nicotinamide adenine dinucleotide phosphate (NADP), 0.6 mM UDP-glucose, UDP-glucose dehydrogenase (0.7 U), and phosphoglucomutase (0.07 U). Reaction was initiated with the addition of sodium pyrophosphate (1.7 mM) and NADPH formation was determined by measuring the increase in absorbance at 340 nm. Blank consisted of reaction mixture without cell or bacterial extract.



Inhibitor toxicity to host cells

A549 cell monolayers were treated with different concentrations of UDP for 1 hour at 37°C and untreated cells were taken as reference. The effect of UDP on viability of cells was evaluated using MTT assay (24). Briefly, MTT solution (2.5 mg/mL; Sigma) was added to monolayers and incubated for 4 hours. Media containing MTT was discarded and dimethyl sulfoxide (DMSO, 200 µL) was added. Absorbance was recorded at 590 nm in microplate reader (Bio-Rad 680).



Expression of UGPase in host cells

A549 and HEp-2 monolayers were treated with UDP at effective inhibiting dose for 1 hour at 37°C, 5% CO2 and untreated cells were taken as control. Total protein was extracted from cell pellet by sonication (3 minutes: pulse 30 seconds ON, 30 seconds OFF) in ice-chilled PBS and was quantitated. Samples were electrophoresed in 10% sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and separated proteins were transferred onto polyvinylidene difluoride (PVDF) membrane. Membranes were processed and incubated with anti-UGP2 antibody (1:2,000, Abcam) for 3 hours at 37°C followed by treatment with horseradish peroxidase (HRP)-conjugated secondary antibody (1:20,000) for 2 hours at 37°C. Pierce® ECL western blotting peroxidase substrate (ThermoScientific) was used for developing protein bands, which were quantitated with FluorChem M ProteinSimple (Bio-Techne). GAPDH as endogenous control was simultaneously blotted and analyzed. Expression of UGPase was normalized with the value of GAPDH in each sample.




Adherence assay

Efficacy of UDP to inhibit the adherence of S. pneumoniae during infection with A549 and HEp-2 monolayers was checked by flow cytometer (BD Biosciences) (25). Log phase cultures of pneumococcus were labeled with fluorescein isothiocyanate (FITC, 1.0 μg/μL) and infected onto monolayers at 100:1 multiplicity of infection (MOI: bacteria/cell) in the presence and absence of inhibitor at effective dose. Monolayers were incubated at 37°C at 5% CO2 for 2 hours followed by trypsinization (0.05%) and fixation with ice-cold paraformaldehyde (2%). Samples were analyzed using FACScan flow cytometer using CellQuest 3.3 software (BD Biosciences). Mean fluorescence intensity (MFI) values were obtained from control samples (unlabeled host cells and bacteria). Adherence was calculated from the MFI of host cell with adherent pneumococci divided by MFI of labeled pneumococci. Effectiveness of inhibitor was evaluated from the adherence potential of S. pneumoniae to monolayers in the presence of inhibitor.


Phagocytosis assay

FITC-labeled pneumococci were loaded (MOI, 100:1) onto macrophage cells (THP1 and J774.A.1) in the presence and absence of UDP for 1 hour at 37°C in 5% CO2. Cells were fixed with cold 2% paraformaldehyde. Briefly, cells were collected, centrifuged, washed as required, and were suspended in ice-cold PBS. Trypan blue (0.2%) was added to quench fluorescence of extracellularly attached pneumococci, just before analysis in flow cytometer (BD BioSciences). MFI of FITC-positive cells was calculated to assess the phagocytic activity in comparison to controls (unlabeled cells and bacteria).

For opsonophagocytic assay (OPA), bacterial cells (106 cfu/mL) were labeled with FITC (1 μg/μL) after inactivation at 95°C for 5 minutes. Nonviability was confirmed by overnight incubation of blood agar plates streaked with bacterial suspension (100 μL). Labeled bacteria were incubated with pooled human sera (10% of 1:2 diluted in PBS) for 30 minutes at 37°C, 150 rpm. Bacteria were further inoculated onto THP1 and J774.A.1 cells at MOI 100:1 for 1 hour at 37°C and 5% CO2. Control tubes contained PBS or heat-inactivated (56°C for 45 minutes) pooled sera. The cells were obtained, washed, centrifuged, and fixed with cold 2% paraformaldehyde and analyzed in a flow cytometer (26).



Expression of postinfection cytokines

A549 monolayers were incubated with effective dose of UDP for 1 hour at 37°C, 5% CO2. In another set, monolayers were treated with 10 μM MRS2578 for 30 minutes before incubation with UDP (27). Total ribonucleic acid (RNA) was extracted from trypsinized cell pellets using TRIzol reagent followed by complementary deoxyribonucleic acid (cDNA) synthesis using messenger RNA RevertAid™ First Strand cDNA Synthesis Kit (Thermo Scientific). Expression of various cytokines (interleukin [IL]-6, IL-1β, IL-8, tumor necrosis factor [TNF]-α) was analyzed using real-time polymerase chain reaction (PCR; Roche Lightcycler® 480) in reactions (10 μL) containing 50 ng cDNA, 0.5 μM primer, 1X SYBR mix, and deionized water. Gene-specific primers were designed using Primer3Tool and PCRs were run in primer-specific cycling conditions and with appropriate negative controls for each reaction.




Statistical analysis

Each experiment was performed at least three times in duplicate or triplicate sets. GraphPad Prism 6.0 was used for statistical calculations. Student’s t-test, or Mann-Whitney U-test or analysis of variance (ANOVA) was applied as appropriate. A p value less than 0.05 was considered to represent a significant association.



Results


Putative inhibitor of UGPase

The structure of S. pneumoniae UGPase was analyzed in silico using I-TASSER server (http://zhang.bioinformatics.ku.edu/I-TASSER; PhD Thesis). The tertiary structure, active site residues, and its substrate-binding properties were analyzed. The local conformational changes induced near the active site in response to binding of its natural substrate were analyzed. Using information of the active site pocket of UGPase and literature-based evidence (11,14,17,21,22,23), UDP was selected as a probable inhibitor of S. pneumoniae UGPase. In silico analysis showed that UDP binding did not result in alteration in local conformation of enzymatic active site. The effective inhibitory concentrations of UDP, its extent of inhibition, and probable toxicity to host cell lines were studied. The pneumococcal virulence and clearance of infection in response to UDP were explored in vitro.



Effect of UDP on UGPase activity

UGPase activity was evaluated at different UDP concentrations (0.05-100 μM) in A549 cells and S. pneumoniae D39 strain. Concentration-dependent dose response curve showed that UDP decreased UGPase activity in host A549 cells (Fig. 1A) as well as in pneumococcus (Fig. 1B). UDP-treated A549 cells showed a declined UGPase activity in comparison to untreated (0.0 μM) control cells (Fig. 1A). UGPase activity was not significantly decreased in the cells treated with 0.1-3 μM UDP. However, activity was significantly decreased at 5 μM (p = 0.009) and 100 μM (p = 0.011) UDP treatments. The inhibition of UGPase activity in A549 cells was 2.8 fold higher at 100 μM UDP treatment in comparison to 5 μM treatment.

In S. pneumoniae D39 strain, a significant decrease in UGPase activity was observed at 2 μM UDP (p = 0.02) treatment (Fig. 1B). At 5 μM UDP, threefold inhibition (p = 0.01) was observed in UGPase activity in comparison to 100 μM. Further, effect of UDP (at 5 and 100 μM) on UGPase activity was evaluated in invasive S. pneumoniae isolate (retrieved from blood sample), which showed a decrease in activity at 5 μM UDP (p = 0.015) (Fig. 1C). Comparative analysis of UDP treatment on blood isolate and reference D39 strain showed that 5 μM UDP treatments for 1 hour were effective to reduce the bacterial UGPase activity (Fig. 1C) by half than in its host counterpart (Fig. 1A).


[image: Image]
Fig. 1 - Uridine diphosphate (UDP)-glucose pyrophosphorylase (UGPase) activity in response to fractional treatment of UDP in (A) A549 cells, (B) S. pneumoniae D39 strain, (C) comparative analysis of S. pneumoniae UGPase activity in response to UDP treatments. The p values calculated in comparison to control (untreated). (D) Western blot analysis of UGP2 in A549 cell lysate, *p < 0.05, **p < 0.01.

Further analysis of UGPase expression in A549 cell lysate using human anti-UGP2 antibody reconfirmed the significant decrease (p = 0.03) at 100 μM UDP treatment in comparison to 5 μM treated and control (untreated) cells (Fig. 1D). However, we could not analyze the UGPase expression in S. pneumoniae due to unavailability of antibody against bacterial enzymes.



UDP treatment and A549 cell survival

The effect of UDP on A549 cell viability was evaluated in a dose-dependent manner in the absence (control) and presence of S. pneumoniae infection (Fig. 2). Uninfected (control) cells treated with UDP (0.5-100 μM) showed negligible changes in the percentage cell viability. However, A549 cells infected with pneumococci (D39 and blood isolate) showed a significant decrease in percent viability in the absence of UDP treatment (p = 0.001). Notably, the viability of infected A549 cells was elevated at higher UDP treatments (>10 μM) in a dose-dependent manner (Fig. 2A). Further, a comparative analysis of UDP treatments (0, 5, 100 μM) to A549 cells showed significantly improved viability at 100 μM treatment in D39 (p = 0.009) and blood isolate (p = 0.04) infected cells, while no change in cell viability was observed in uninfected (control) cells (Fig. 2B). Thus, UDP seems safer to explore for its potential as it did not exert any cytotoxic effect on A549 cells (Fig. 2), while it improved the percentage cell viability in the presence of bacterial infection.

Further, effect of UGPase inhibition on adherence and phagocytosis of S. pneumoniae (blood isolate and standard strains MTCC 655; a highly capsular strain and D39) was evaluated at effective 5 μM UDP concentration (Fig. 1).


[image: Image]
Fig. 2 - Effect of uridine diphosphate (UDP) treatment on A549 cell survival. (A) Treatment-response curve of cells infected with S. pneumoniae, (B) comparative analysis of UDP treated and untreated (0 µM) cells, control: uninfected A549 cells, *p < 0.05, **p < 0.01.
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Fig. 3 - Effect of uridine diphosphate (UDP) treatment on adherence of S. pneumoniae by (A) A549 and (B) HEp-2 cells, *p < 0.05.



Effect of UDP on S. pneumoniae adherence

All S. pneumoniae strains showed a decrease in adherence to A549 (p = 0.018) and HEp-2 cells (p = 0.001) in the presence of 5 μM UDP (Fig. 3). Adherence of MTCC 655 and blood isolate was significantly (p<0.05) lowered in both the cell lines (Fig. 3A and B), while D39 showed a significant (p = 0.031) decrease in HEp-2 cells only (Fig. 3B). Adherence of blood isolate to A549 (p = 0.032) and HEp-2 (p = 0.014) cells declined by three- to fivefold.



Effect of UDP on phagocytosis of S. pneumoniae

The phagocytosis of S. pneumoniae was increased in the presence of UDP in both J774.A.1 (p = 0.01) and THP1 (p = 0.022) cells (Fig. 4A and B respectively). Phagocytosis of D39 strain was significantly higher than MTCC 655 strain (p = 0.033) in both the cell lines, which could be attributed to heavy encapsulation in the latter. UDP treatment also showed an increase in phagocytosis of blood isolate by J774.A.1 (p = 0.034) and THP1 cells (p = 0.041). Overall, UDP-dependent fold change in phagocytosis ranged from 1.4 to 1.9 for pneumococcal strains. It is well known that host immune cells use complement factors for the clearance of S. pneumoniae, and OPA of heat-inactivated S. pneumoniae was found to be enhanced in the presence of UDP in both the cell lines (Fig. 5A and B). Interestingly, J774.A.1 cells (Fig. 5A) showed marked increase in the OPA of blood isolate than MTCC 655 and D39 strains. Phagocytosis of MTCC 655 and D39 strains was higher in THP1 cells (Fig. 5B) in the presence of UDP (5 μM) and sera.




Real-time PCR analysis of cytokines

An attempt was made to evaluate the cytokine response in A549 cells in response to UDP treatment as previous studies have shown the activation of inflammatory pathway upon UDP stimulation from monocytes and microglial cells (28,29). Interestingly, UDP treatment (5 μM) induced the secretion of IL-1β, TNF-α, IL-6, and IL-8 from the A549 alveolar epithelial cells (Fig. 6). An UDP antagonist MRS2578 (Sigma) effectively suppressed the expression of these cytokines in A549 cells. In agreement with these results, UDP is shown to bind its purinergic receptor P2Y6 on various cells and stimulate signaling cascade (30,31).
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Fig. 4 - Effect of uridine diphosphate (UDP, 5 µM) on phagocytosis of S. pneumoniae by (A) J774.A.1 and (B) THP1 cells, *p < 0.05, **p < 0.01.
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Fig. 5 - Effect of uridine diphosphate (UDP, 5 µM) on opsonophagocytosis of S. pneumoniae by (A) J774.A.1 and (B) THP1 cells, *p < 0.05, **p < 0.01, ***p < 0.001.
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Fig. 6 - Relative messenger ribonucleic acid (mRNA) expression of cytokines induced in A549 cells, MRS2578: antagonist of uridine diphosphate (UDP).



Conclusions

The paradox of infections caused by S. pneumoniae lies in the availability of preventive measures such as antibiotics and vaccines, but not effective prevention from the pneumococcal diseases, especially in low- to middle-income settings. The major reason for this paradox is the genome plasticity of pneumococcus and diverse nature of cps loci, which has precluded the absolute success of vaccines (11,12,32). Evidently, various virulence factors of pneumococci had been explored to understand its pathobiology and with broader prospect to yield potential targets for preventive interventions (8,9,10,11,21). Elucidation of cps loci from different pneumococcal serotypes has established a crucial role of galU-encoded UGPase in capsule formation (14,17,18). UGPase-catalyzed reaction provides UDP-glucose (glc), a key sugar precursor to fulfill various capsular (CPS biosynthesis pathway) and metabolic (Leloir pathway) needs of pneumococcus (12,13,14,18,20,36,37,38). In this study, we explored the potential of UGPase in modulating S. pneumoniae pathogenicity by using UDP as an UGPase inhibitor.

UDP proved to be an effective inhibitor of pneumococcal UGPase and mediated a significant reduction in the in vitro virulence of pneumococci. The differential concentration-based enzyme activity inhibition maxima suggests the feasibility of selective inhibition of pneumococcal UGPase (5 μM UDP) without inimical effect on host. The decline in pneumococcal adherence to host cell lines also accentuates the efficacy of UDP as an inhibitor. A study by Zavala et al used nucleoside analogs, namely abacavir, decitabine, stavudine, and zidovudine, to show 42%-58% inhibition of UGPase, but did not elaborate on the use of high concentration (7.5 mM) of inhibitors, their toxic effects, and safety as antipneumococcal drug (23). Our study establishes the noncytotoxicity of UDP to host cells and boosted uptake of S. pneumoniae upon UDP stimulation by macrophage cell lines. Our findings are supported by previous studies on the clearance of Escherichia coli from peritonitis mouse model in response to direct UDP injection (33) and increased host defenses upon UDP binding to P2Y6 receptor (3435,36). The crucial role of UDP as inflammatory inducer in brain injuries has been reported in microglia and astrocytes (28). Likewise, we have also found the activation of proinflammatory cytokines in alveolar epithelial cells in response to pneumococcal infection. The stimulation of cytokines by UDP emphasizes its protective functional nature, which might enhance its efficacy as a potent inhibitor.

The present study provides evidence to the UDP-mediated reduction in the virulence of S. pneumoniae. Being one of the intercellular messengers, UDP acts as a protective signaling molecule and activates P2Y6 receptors that are known to result in wide range of physiologic responses, such as induction of cytokines, chemokines, phagocytosis, and increase in concentration of extracellular nucleotides (33,35,37,38). The evidence of UDP meddling with host-pathogen interactions has opened the vast horizon to investigate its underlying mechanisms, which would definitely shed light on its potential utility in restraining the pneumococcal virulence. The present work is a little step forward in search of potential S. pneumoniae inhibitor independent of serotypes, though the inhibitory effect of UDP should be evaluated in vivo to ascertain its efficacy. Our study has been limited in evaluating the cytokine response and UDP-mediated behavior of P2Y6 receptors, which further need a detailed investigation. Mechanistic understanding of UDP-mediated UGPase inhibition and its in vivo validation would be crucial for translating the outcome of this study.
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