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Abstract

Neutrophils are innate immune response cells designed to kill invading microorganisms.

One of the mechanisms neutrophils use to kill bacteria is generation of damaging reactive

oxygen species (ROS) via the respiratory burst. However, during enteric salmonellosis, neu-

trophil-derived ROS actually facilitates Salmonella expansion and survival in the gut. This

seeming paradox led us to hypothesize that Salmonella may possess mechanisms to influ-

ence the neutrophil respiratory burst. In this work, we used an in vitro Salmonella-neutrophil

co-culture model to examine the impact of enteric infection relevant virulence factors on the

respiratory burst of human neutrophils. We report that neutrophils primed with granulocyte-

macrophage colony stimulating factor and suspended in serum containing complement pro-

duce a robust respiratory burst when stimulated with viable STm. The magnitude of the

respiratory burst increases when STm are grown under conditions to induce the expression

of the type-3 secretion system-1. STm mutants lacking the type-3 secretion system-1 induce

less neutrophil ROS than the virulent WT. In addition, we demonstrate that flagellar motility

is a significant agonist of the neutrophil respiratory burst. Together our data demonstrate

that both the type-3 secretion system-1 and flagellar motility, which are established viru-

lence factors in enteric salmonellosis, also appear to directly influence the magnitude of the

neutrophil respiratory burst in response to STm in vitro.

Introduction

Non-typhoidal salmonellae are a leading cause of bacterial food-borne gastroenteritis with dis-

ease characterized by a marked neutrophilic intestinal inflammation [1, 2]. Salmonella invades

non-phagocytic intestinal epithelial cells using the type-3 secretion system-1 (TTSS) encoded

on Salmonella Pathogenicity Island-1 (SPI-1). The TTSS-1 secreted effector proteins are neces-

sary for epithelial cell invasion, epithelial cell inflammatory signaling and neutrophil recruit-

ment to the intestine [3–5]. Neutrophil recruitment is further enhanced by flagellin, which
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attracts neutrophils via activation of epithelial cell toll-like receptor 5 (TLR-5) [6]. Salmonellae

survive neutrophilic infiltration in part through ROS detoxification by peroxidases and cata-

lases and utilize the oxidizing conditions in the inflamed gut to gain advantage over resident

microbes [7–9]. The multiple ways in which Salmonella interacts with neutrophils in the intes-

tine are testimony to the integral role that the neutrophil inflammatory response plays in Sal-
monella’s survival strategy.

In order to recruit neutrophils to the Salmonella-infected epithelium, intestinal epithelial

cells produce inflammatory mediators including granulocyte macrophage-colony stimulating

factor (GM-CSF) and interleukin 8 (IL-8, CXCL8) [10–12]. Quiescent circulating neutrophils

transition to a state of amplified responsiveness (“priming”) when exposed to inflammatory

cytokines and bacterial products to prepare them for an amplified response to a second stimu-

lus [13, 14]. One of the “primed” components of the neutrophil antimicrobial arsenal is the

production of toxic reactive oxygen species (ROS) during the respiratory burst [15]. The func-

tional capacity of the resulting neutrophil phenotype is ultimately directed by interaction with

both host- and pathogen-derived molecules [13, 16]. For example, neutrophils respond to lipo-

polysaccharide decorating the surface of complement-coated Salmonella with a robust respira-

tory burst [17]. However, the ROS generated by neutrophils during enteritis is insufficient to

kill Salmonella as it lives within luminal neutrophils during enteritis [18]. It is likely that Sal-
monella has evolved strategies to mitigate the severity of the neutrophil respiratory burst to

promote its survival in the inflamed gut.

The purpose of our study was to establish and utilize an in vitro neutrophil-STm co-culture

system to investigate the impact of Salmonella Typhimurium (STm) virulence factors impor-

tant for intestinal infection on the respiratory burst of primary human neutrophils in vitro. We

found that neutrophils produced a robust respiratory burst in response to STm when primed

with GM-CSF in the presence of complement. Our data demonstrate that STm induced for the

expression of the TTSS-1 elicit a robust neutrophil respiratory burst. Using deletion mutants,

we demonstrate that both the TTSS-1 and found that flagellar motility are agonists for the neu-

trophil respiratory burst in response to STm. Overall, our data suggest that Salmonella viru-

lence factors that play a key role during enterocolitis, the TTSS-1 and flagellar motility,

influence the magnitude of the neutrophil respiratory burst in response to Salmonella.

Materials and methods

Bacterial strains and growth conditions

All bacterial strains were derivatives of Salmonella Typhimurium (STm) ATCC 14028.s and are

listed in Table 1. Mutations were moved into a clean genetic background by P22 transduction

and antibiotic cassettes were removed as previously described [19, 20]. Bacteria were grown on

Luria Bertani (LB) agar or in LB broth at 37˚C with agitation (250 rpm) unless otherwise noted.

Media was supplemented with the following antibiotics as appropriate: nalidixic acid (50 mg/L),

chloramphenicol (20 mg/L), kanamycin (50 mg/L), and carbenicillin (100 mg/L).

For neutrophil-STm co-culture, bacteria were prepared from overnight cultures of bacteria

in stationary phase unless otherwise indicated. For induction of SPI-1 gene expression, STm

was grown in invasion-inducing conditions [21]. Bacteria were grown to late exponential

phase by diluting overnight cultures 1:100 into LB broth and incubating at 37˚C with agitation

for 3 hours. Bacterial cultures were washed in phosphate buffered saline (PBS) and cell density

was estimated by optical density (600 nm). Bacteria were diluted in PBS and maintained on ice

until use. Where indicated, bacteria were killed by the addition of 10% formalin for 10 min-

utes. Diluted bacteria were plated to establish the number of viable colony forming units.

Neutrophil respiratory burst and Salmonella

PLOS ONE | https://doi.org/10.1371/journal.pone.0203698 September 11, 2018 2 / 18

study design, data collection and analysis, decision

to publish, or preparation of the manuscript.

Competing interests: The authors have declared

that no competing interests exist.

https://doi.org/10.1371/journal.pone.0203698


Complementing plasmid construction

PCR products of prgH and motA were generated by colony PCR using Q5 polymerase (New

England Biolabs). The PCR reaction for prgH was performed using an annealing temperature

of 63˚C with an extension time of 40s for 35 cycles. Restriction sites for endonucleases were

incorporated into the primer sequences to facilitate cloning. A 1.8kb product for prgH was

generated with the following primers:

prgHEcoRIFwd 5’ GTCGAATTCGTGGCCATTGACCTCTTCAAG 3’ and prgHHindIIIRev

5’ GTCAAGCTTCAAATTTTGCTGAGACGTCATCC 3’. The PCR reaction for motA was per-

formed using an annealing temperature of 65˚C with an extension time of 40s for 35 cycles. The

1.5kb product for motA was obtained with the following primers: motABamH1Fwd 5’ GTCG
GATCCAAGGGATGCTGCCATTTTCG 3’ and motAKpn1Rev 5’ GTCGGTACCTCGGCGTA
GGCAATTTTCCA 3’. The expected size of each of the PCR products was confirmed by agarose

gel electrophoresis. The PCR product for prgH was digested with EcoRI and HindIII (New

England Biolabs) and the motA product was digested with BamHI and KpnI (New England Bio-

labs) and purified with Qiaquick PCR purification kit (Qiagen). The inserts were cloned into

pWSK29 [22] digested with the same endonucleases previously stated for each insert. Ligations

were performed overnight at 14˚C with T4 DNA ligase (New England Biolabs). Resulting con-

structs were transformed into chemically competent DH5α Escherichia coli using heat shock.

Table 1. Bacterial strains and plasmids.

Strain Genotype Reference or Source

HA420 ATCC14028.s (Spontaneous Nal-R) Bogomolnaya 2008

JE598 HA420 ΔSPI-1::cm (Nal-R, Cm-R) This study

JE524

JE526

14028 ΔfliC::kanΔfljB::cm (Kan-R, Cm-R)

14028 ΔfliC::frtΔfljB::frt ΔSPI-1::kan (Kan-R)

This study

This study

JE13 14028 + pTurboGFP-B (Amp-R) This study

JE1028 14028 ΔSPI-1::cm + pTurboGFP-B (Cm-R, Amp-R) This study

JE1032 14028 ΔfliC::kanΔfljB::cm + pTurboGFP-B (Kan-R, Cm-R, Amp-R) This study

JE1296 14028 ΔprgH::kan + pTurboGFP-B (Kan-R, Amp-R) This study

JE1298 14028 ΔmotA::kan + pTurboGFP-B (Kan-R, Amp-R) This study

JE1178 HA420 ΔprgH::kan (Nal-R, Kan-R) This study

JE1204 JE1178 + pWSK29 (Nal-R, Kan-R, Amp-R) This study

JE1207 JE1178 + pWSK29::prgH (Nal-R, Kan-R, Amp-R) This study

JE1202 HA420 ΔmotA::kan (Nal-R, Kan-R) This study

JE1208 JE1202 + pWSK29 (Nal-R, Kan-R, Amp-R) This study

JE1211 JE1202 + pWSK29::motA (Nal-R, Kan-R, Amp-R) This study

JE239 HA420 + pNN387 (Nal-R, Cm-R) Zheng 2013

JE240 HA420 + pNN387::rpsMp (Nal-R, Cm-R) Zheng 2013

JE241 HA420 + pNN387::prgHp (Nal-R, Cm-R) Zheng 2013

JE1290 JE1202 + pNN387 (Nal-R, Kan-R, Cm-R) This study

JE1291 JE1202 + pNN387::rpsMp (Nal-R, Kan-R, Cm-R) This study

JE1293 JE1202 + pNN387::prgHp (Nal-R, Kan-R, Cm-R) This study

Plasmid Description Reference or Source

pTurboGFP-B PlacO-TurboGFP; Amp-R Evrogen

pCP20 flp recombinase; Amp-R Datsenko 2000

pWSK29 Cloning vector; Amp-R Wang 1991

pWSK29::prgH pWSK29::prgH; Amp-R This study

pWSK29::motA pWSK29::motA; Amp-R This study

https://doi.org/10.1371/journal.pone.0203698.t001
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Transformants were obtained by selection on LB agar with carbenicillin and X-gal (5-bromo-

4-chloro-3-indolyl-β-D-galactopyranoside 40 μg/mL). Plasmids were isolated with Qiagen

Miniprep kit (Qiagen), and correct insert size was confirmed by restriction digestion of plas-

mids, followed by confirmation of desired sequence by sequencing (Eton Bioscience). Comple-

menting plasmids were transformed into electrocompetent restriction-deficient modification

positive S. Typhimurium LB5000 by electroporation and transformants were isolated by selec-

tion on LB agar with carbenicillin [23]. Plasmids were isolated as above and then transformed

into the electrocompetent ΔprgH and ΔmotA mutants by electroporation. Mutants bearing

complementing plasmids were purified by streaking twice for single colonies on LB with carbe-

nicillin and stored in glycerol stocks at -80˚C.

Human subjects

Human neutrophils were isolated from peripheral blood of healthy, adult volunteers. All par-

ticipants provided written informed consent. This study was approved by the Institutional

Research Ethics Committee of North Carolina State University (IRB approval #616).

Neutrophil isolation and priming

Human neutrophils (PMN) were isolated from whole blood by Ficoll gradient centrifugation

technique as previously described [24]. Briefly, dextran-sedimented (Sigma-Aldrich) leukocyte

rich plasma was layered on sterile, endotoxin-free Ficoll-Paque solution (GE Healthcare) and

centrifuged at 600g for 20 minutes. Red blood cells were removed by hypotonic NaCl lysis and

the remaining neutrophils were washed once with Hank’s Buffered Saline Solution (HBSS)

and suspended to a final concentration of 1x106/ml in RPMI-1640 (with L-glutamine, without

phenol red; Gibco) with 1mM Ca++, 1mM Mg++, and 10% normal human serum (NHS) from

male AB donors (Corning). Where indicated, human serum was heat inactivated by incuba-

tion at 56˚C for 30 minutes. Neutrophils isolated by this method routinely demonstrated

greater than 98% viability as determined by trypan blue exclusion and greater than 95% purity.

Unless otherwise stated, purified neutrophils were primed with human recombinant granu-

locyte-macrophage colony stimulating factor (GM-CSF at 30 ng/mL; Millipore) for 30 minutes

at 37˚C with 5% CO2 [25]. Where indicated, purified neutrophils were primed with IL-8 (100

ng/mL; Sigma-Aldrich) for 5 minutes at 37˚C with 5% CO2 [26]. Each experiment was per-

formed using cells from at least 3 different donors.

Neutrophil ROS measurement

Intracellular ROS was measured by dihydrorhodamine-123 (DHR; Adipogen) fluorescence as

previously described [27]. Neutrophils (1.15x105 total neutrophils) were aliquoted onto black

polystyrene 96-well plates previously coated with 5% fetal calf serum (FCS; Hyclone) in sterile

PBS. Unless otherwise stated, neutrophils were suspended in 10% NHS and primed with

GM-CSF for 30 minutes prior to stimulation. Neutrophils were allowed to settle for 10 minutes

prior to addition of 10μM DHR and appropriate stimulus. Neutrophils were stimulated with

STm (PBS-washed and diluted), phorbol 12-myristate 13-acetate (PMA; 50ng/mL; Sigma-

Aldrich) as a positive control [28], or TLR agonists lipopolysaccharide (LPS; BioXtra) or flagel-

lin (Adipogen) isolated from Salmonella Typhimurium. STm were added at a multiplicity of

infection (MOI) of 50:1 unless otherwise indicated. Unstimulated neutrophils and bacteria

without neutrophils were included in each experiment as negative controls. Plates were incu-

bated at 37˚C with 5% CO2. Fluorescence (485 nm excitation, 530 nm emission) was read

prior to incubation and then every 30–60 minutes using a plate reader (Synergy HTX,

BioTek).
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Intracellular and extracellular ROS were measured by luminol (5-amino-2,3-dihydro-

1,4-phthalazinedione; Sigma-Aldrich) enhanced chemiluminescence as previously described

[29]. For all luminol assays, neutrophils were suspended in 10% NHS and primed with

GM-CSF for 30 minutes prior to stimulation. Neutrophils (1.15x105 total neutrophils) were

aliquoted onto white polystyrene 96-well plates previously coated with 5% FCS in PBS. Neu-

trophils were allowed to settle for 10 minutes prior to addition of 1mM luminol. Baseline lumi-

nescence measurement was obtained (integration time 1s; Synergy HTX, BioTek) and then

neutrophils were stimulated with STm (MOI 50:1) or N-formylmethionyl-leucyl-phenylala-

nine (fMLP; 1μM; Sigma-Aldrich) as a positive control [30]. The plate was incubated at 37˚C

and luminescence measured every 5 minutes for 90 minutes.

Flow cytometry

For neutrophil-STm cell association assays, neutrophils primed with GM-CSF were placed in

polypropylene test tubes and exposed to STm constitutively expressing green fluorescent pro-

tein. Co-cultures were incubated at 37˚C with 5% CO2 for the times indicated. Following incu-

bation, cells were fixed in 2% paraformaldehyde and placed on ice for 10 minutes. Cells were

centrifuged at 160g for 8 minutes and re-suspended in PBS. Cells were analyzed the same day

on a CytoFLEX flow cytometer equipped with a 488 nm laser using CytExpert software (Beck-

man Coulter). The neutrophil population was gated by a forward scatter versus side scatter

plot to discriminate from cell debris. Cell singlets were included by gating based on forward

scatter-area versus forward scatter-width. Neutrophils not exposed to STm were used as a neg-

ative control for GFP-negative cells (GFP excitation 488 nm, emission 525). Data from 10,000

events gated on singlet neutrophils were collected and the percentage of GFP-positive neutro-

phils was calculated.

Bacterial motility assays

Swimming and swarming assays were performed as previously described [31]. Swimming and

swarming motility was assayed on plates containing 0.3% Difco Bacto agar (LB Miller base

25g/L) and 0.6% Difco Bacto agar (LB Miller base 25g/L with 0.5% dextrose), respectively.

Overnight cultures were grown at 37˚C with agitation and cell concentration was normalized

by optical density. Bacterial strains were spotted onto swimming (5 μL) and swarming (10 μL)

plates and incubated at 37˚C for 4 or 6 hours, respectively. The diameter of each colony was

measured and compared to the wild-type organism on the same plate. Each assay was per-

formed on three separate occasions in 4–5 replicates.

ß-galactosidase assays

For induction of SPI-1 expression, cultures of bacterial cells bearing plasmid constructs were

grown in LB with appropriate antibiotic overnight. Overnight cultures were diluted 1:100 into

LB with antibiotic and incubated at 37˚C with agitation for 3h. ß-galactosidase activity (Miller

units) was determined from cell pellets using standard methodology and calculated by the fol-

lowing equation: 1000 x [OD420 –(1.75 x OD550)] / [time x volume x OD600] [32].

Data analysis

For DHR-123 fluorescence experiments, the fold change in fluorescence (relative fluorescence

units, RFU) was calculated by dividing the RFU at the indicated time by the RFU at time zero

for a given blood donor. The fluorescence fold change caused by the mutant was normalized

to the WT for each blood donor. For luminol experiments, the peak and time to peak

Neutrophil respiratory burst and Salmonella
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luminescence (relative luminescence units, RLU) stimulated by each bacterial strain were cal-

culated. Statistical significance was determined using 2-way analysis of variance (ANOVA)

with Tukey’s correction for multiple comparisons, or a one-way ANOVA with Dunnett’s cor-

rection for multiple comparisons, where indicated. Significance was set at P<0.05. Analyses

were performed using GraphPad Prism version 7.0.

Results

Neutrophil priming and serum complement influence the STm-induced

respiratory burst

In order to select in vitro conditions that model neutrophil-STm interactions in vivo we first

assessed the effect of different priming agents and serum components on the STm-induced

intracellular respiratory burst. Both GM-CSF and IL-8 are chemoattractants and neutrophil

priming agents released by the STm-infected epithelium [10–12]. When primed with

GM-CSF, STm-stimulated neutrophils elicited a more robust intracellular respiratory burst

than unprimed STm-stimulated neutrophils (Fig 1A). However, additional priming with IL-8

had no effect on the STm-induced intracellular respiratory burst; therefore IL-8 was not used

as a priming agent for subsequent experiments. Next, we examined the effect of serum comple-

ment on the GM-CSF-primed neutrophils as complement is required for ingestion of STm in

unprimed neutrophils [17]. We found that NHS, containing complement, increased the mag-

nitude of the STm-induced intracellular neutrophil respiratory burst in GM-CSF-primed neu-

trophils (S1 Fig). These data suggest that a robust in vitro intracellular respiratory burst in

response to STm occurs in the presence of complement and when neutrophils are primed with

GM-CSF.

Next, we evaluated the kinetics of STm-stimulated intracellular neutrophil respiratory burst

as assayed by DHR fluorescence. We observed significant intracellular ROS production at 1

hour and a further increase at 3 hours co-culture (Fig 1B). The kinetics of STm- and PMA-

induced intracellular neutrophil respiratory were similar, but the PMA-induced respiratory

burst was of a significantly greater magnitude (Fig 1B). To determine the contribution of path-

ogen-associated molecular patterns on the surface of STm to the STm-induced neutrophil

respiratory burst, we exposed neutrophils to either formalin-killed whole pathogen or purified

lipopolysaccharide (LPS) or flagellins. We found that neutrophils exposed to formalin-killed

pathogen did not produce significant intracellular ROS (Fig 1B). In addition, we found no sig-

nificant induction of intracellular neutrophil ROS from either purified LPS, flagellins, or a

combination of the two (S2 Fig). Together these data suggest that STm viability has a signifi-

cant impact on the intracellular respiratory burst in neutrophils in vitro.

Finally, in order to determine the effect of STm to neutrophil ratio on neutrophil intracellu-

lar ROS production in our in vitro model, we exposed neutrophils to increasing STm MOIs.

We found a robust intracellular ROS production after 1 hour of co-culture at an MOI of 50:1,

with no significant difference as the MOI increased to 100:1 (Fig 1C). The intracellular respira-

tory burst elicited by MOI of 25:1 and 13:1 (data not shown) was significantly lower than for

50:1 until 3 hours of co-culture (Fig 1C). The intracellular respiratory burst elicited by an MOI

of 6:1 or less was significantly lower than 50:1 for 3 hours (Fig 1C). Guided by previous evi-

dence established using macrophages [33], hypothesized that the effects of MOI on the DHR-

measured respiratory burst was due to differences in numbers of STm-neutrophil interactions.

To test our hypothesis, we exposed neutrophils to varied MOIs of GFP-expressing STm and

used flow cytometry to establish the number of GFP-positive neutrophils. We found that there

were significantly more GFP-positive neutrophils at an STm to neutrophil MOI of 50:1 as

compared with 6:1 (Parts A and B in S3 Fig). The number of GFP-positive neutrophils in the
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high MOI increased from 30 minutes to 1 hour at which point it reached saturation, but the

number of GFP-positive neutrophils exposed to the low MOI never reached saturation. These

data suggest that the in vitro intracellular neutrophil respiratory burst as assessed by DHR fluo-

rescence is increased when nearly all neutrophils interact with STm.

Bacterial growth conditions alter the neutrophil respiratory burst

STm gene expression is altered during different growth phases in vitro. In order to increase

STm invasion of epithelial cells in vitro, STm is cultured to aerobic late-exponential phase

prior to co-culture with epithelial cells [21]. Bacteria prepared in this fashion have greater

expression of invasion and flagellar genes as compared with microaerophilic stationary phase

bacteria [21]. We therefore hypothesized that neutrophil ROS production in response to STm

from late-exponential phase growth would be greater than the response to stationary phase

bacteria. To test our hypothesis, we exposed neutrophils to STm from either stationary phase

or late-exponential phase growth. We found a significant increase in the intracellular respira-

tory burst in neutrophils stimulated with STm grown to late-exponential phase as compared

with stationary phase beginning at 30 minutes of co-culture (Fig 2). The neutrophil respiratory

burst elicited by late-exponential phase STm was 3 times greater than that elicited by stationary

Fig 1. GM-CSF-primed human neutrophils produce a robust intracellular respiratory burst when stimulated with viable STm.

(A) PMNs in NHS were either unprimed or primed with GM-CSF +/- IL-8 and stimulated with STm (MOI 50:1). � indicates

difference from PMN+STm by two-way ANOVA with P<0.05. (B) GM-CSF-primed PMN in NHS were stimulated with viable or

formalin-killed STm (MOI 50:1). � indicates difference from 0.5h, # from 1h and † from 2.5h by two-way ANOVA with P<0.05.

(C) GM-CSF primed PMN in NHS were stimulated with STm at the indicated MOI. � indicates difference from 0.5h for MOI 50:1,

# indicates difference from MOI 50:1 by two-way ANOVA with P<0.05. For all panels, data points indicate the mean +/- SEM from

triplicate samples using blood from 3 different donors. Intracellular respiratory burst was assessed by DHR-123 fluorescence.

https://doi.org/10.1371/journal.pone.0203698.g001

Fig 2. The neutrophil respiratory burst increases in response to STm induced for SPI-1 expression. GM-CSF-primed neutrophils in NHS

were exposed to STm (MOI 50:1) from cultures in stationary phase or late-exponential phase. Respiratory burst was measured by DHR-123

fluorescence. Data points indicate the mean +/- SEM from triplicate samples using blood from 3 different donors. � indicates significant

difference from stationary phase by two-way ANOVA with Bonferonni’s correction for multiple comparisons with P<0.05.

https://doi.org/10.1371/journal.pone.0203698.g002
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phase STm at 30 minutes co-culture. These data suggest that variation in STm gene expression

due to growth phase in vitro can alter the degree of neutrophil responses to STm.

The TTSS-1 and motility induce the neutrophil respiratory burst

STm uses environmental cues to induce the expression of the TTSS-1 and chemotaxis to inter-

act with the intestinal epithelium in vivo. Our data suggest that STm from late-exponential

phase growth, with increased expression of TTSS-1 and flagellar genes, elicit an increased neu-

trophil respiratory burst in vitro. We hypothesized that elimination of one or more of the

known Salmonella virulence factors would alter the STm-induced intracellular neutrophil

respiratory burst. We exposed neutrophils to either the virulent wild type organism, a ΔSPI-1

mutant (deleted for the entire SPI-1 locus), or a ΔfliCΔfljBmutant (aflagellated). We found

that neutrophils exposed to the ΔSPI-1 and ΔfliCΔfljBmutants produced significantly less

intracellular ROS compared to neutrophils exposed to the virulent WT organism (Fig 3A). In

addition, the ΔfliCΔfljBmutant induced significantly less neutrophil ROS than the ΔSPI-1

mutant (Fig 3A). To confirm our observations, we used luminol-enhanced chemiluminescence

to measure total intracellular and extracellular neutrophil ROS. We found that the peak intra-

cellular and extracellular ROS was significantly reduced upon stimulation with both the ΔSPI-

1 and the ΔfliCΔfljBmutant (Fig 3B and S4 Fig) although the time to peak ROS was signifi-

cantly delayed by only the ΔfliCΔfljBmutant (Fig 3C and S4 Fig). The difference in ROS pro-

duction between the WT and mutants was not explained by a difference in numbers of

neutrophils interacting with the STm mutants, as we found no difference in neutrophil associ-

ation between the mutants and the WT organism by flow cytometry (Table 2).

Our ΔSPI-1 mutant was deleted for the entire SPI-1 locus, including the regulator HilD that

participates in regulation of other virulence determinants such as flagellar biogenesis and SPI-

2 [34, 35]. Therefore, to verify the impact of the TTSS-1 on the neutrophil respiratory burst,

we stimulated neutrophils with the avirulent ΔprgH mutant, which is defective for TTSS-1 nee-

dle complex formation, effector secretion, and invasion of epithelial cells [36–38]. We observed

that the ΔprgH-stimulated neutrophils produce significantly less intracellular ROS than neu-

trophils stimulated with the virulent WT; this was reversed by complementation in trans (Fig

3D). To evaluate whether the diminished neutrophil respiratory burst in response to the ΔSPI-

1 mutant could be explained by altered motility, we assessed the ability of the ΔSPI-1 mutant

to swim and swarm on semi-solid agar. We found no difference in either swimming or swarm-

ing motility for the ΔSPI-1 mutant as compared with the WT (Parts A and B in S5 Fig). These

results suggest that the STm TTSS-1 promotes ROS production in primary human neutrophils

in vitro.

Our data demonstrate that an aflagellated, amotile mutant elicits a reduced respiratory

burst (Fig 3A–3C and Parts A and B in S5 Fig). Furthermore, we documented no stimulation

of neutrophil ROS with purified flagellins (S2 Fig). Given these findings, we hypothesized that

the neutrophil respiratory burst would be diminished in response to an amotile mutant. We

stimulated neutrophils with the ΔmotA mutant, which is amotile (Parts A and B in S5 Fig) but

has intact flagella [31, 39]. We show that the ΔmotA mutant elicits significantly less intracellu-

lar neutrophil ROS than the WT organism (Fig 3E). Complementation in trans completely

restored the ability of the ΔmotA mutant to elicit intracellular neutrophil ROS (Fig 3E) and to

swim and swarm on semi-solid agar (Parts A and B in S5 Fig). This difference was not

explained by altered expression of the TTSS-1 in the ΔmotA mutant, as we found no difference

in terminal SPI-1 gene expression in our ΔmotA mutant as compared with the WT (Fig 3F).

As motility genes are expressed throughout STm growth in rich media in vitro, we hypothe-

sized that the mutant grown to stationary phase would also stimulate a defective respiratory

Neutrophil respiratory burst and Salmonella
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Fig 3. Both the STm TTSS-1 and flagellar motility induce a robust neutrophil respiratory burst. GM-CSF-primed neutrophils in NHS were exposed to STm (MOI

50:1) from cultures in late-exponential phase. (A) Intracellular respiratory burst as measured by DHR-123 fluorescence elicited by the WT (HA420) or the ΔSPI-1

(JE598) or ΔfliCΔfljB(JE524) mutants. � indicates significant difference between the ΔSPI-1 mutant and the WT and # indicates significant difference between the

ΔfliCΔfljBmutant as compared to both the WT and ΔSPI-1 mutant by two-way ANOVA with P<0.05. (B) Peak total and (C) time to peak respiratory burst from PMN

stimulated with the bacterial strains from (A) as measured by luminol-enhanced chemiluminescence. (B) Bars represent mean +/- SEM peak luminescence (RLU)

Neutrophil respiratory burst and Salmonella
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burst. We found a significant reduction in the intracellular neutrophil respiratory burst when

stimulated with stationary phase ΔmotA as compared with the WT (S6 Fig). Taken together,

these data demonstrate that flagellar motility is a significant agonist of the Salmonella-stimu-

lated neutrophil respiratory burst.

Discussion

A massive influx of neutrophils into the gastrointestinal tract is a hallmark of enteric salmonel-

losis and the oxidative environment generated by the neutrophil respiratory burst enhances

Salmonella colonization of the intestine. With this work, we report on the in vitro conditions

under which we interrogated the Salmonella-induced neutrophil respiratory burst. We demon-

strate that STm expression of the TTSS-1 increases the magnitude of the neutrophil respiratory

burst. Furthermore, flagellar motility is a critical agonist of the neutrophil respiratory burst in

response to STm.

Numerous methods have been developed to quantify ROS generated during the respiratory

burst [40]. We chose two different methods to measure neutrophil ROS upon STm stimula-

tion: DHR and luminol assays. DHR is a cumulative marker of overall intracellular oxidant lev-

els as it is oxidized by many different ROS, rather than a direct measurement of superoxide

radical, the primary product of the NADPH oxidase system [41, 42]. In contrast, luminol-

enhanced chemiluminescence detects both intracellular and extracellular superoxide anion

and hydrogen peroxide in the presence of myeloperoxidase [43]. Both of these methods have

been successfully used in plate-based assays to evaluate the neutrophil respiratory burst [27,

29]. Consistent with prior work [44], our data show that neutrophils produce significant intra-

cellular and extracellular ROS following stimulation with STm as measured by both the DHR

(intracellular) and luminol (intracellular and extracellular) assays.

We sought to establish in vitro co-culture conditions for primary human neutrophil-Salmo-
nella interaction that would model conditions encountered by neutrophils during enteric

infection. Consistent with prior work using non-pathogenic stimulants [45], our data demon-

strate that neutrophil priming with GM-CSF maximizes the intracellular neutrophil respira-

tory burst in response to STm in vitro. However, we did not detect an augmented intracellular

normalized to the WT. (C) Bars represent mean +/- SEM time to peak luminescence. (B,C) � indicates significant difference from WT by one-way ANOVA with

P<0.05. (D) Intracellular neutrophil respiratory burst after 2h co-culture with the WT (HA420), ΔSPI-1 mutant (JE598) ΔprgH mutant (JE1178), ΔprgH bearing the

empty plasmid (JE1204) or the complementing plasmid (JE1207). (E) Intracellular neutrophil respiratory burst after 2h co-culture with the WT (HA420), ΔfliCΔfljB
mutant (JE524; data included from panel A for comparison), ΔmotAmutant (JE1202), ΔmotA mutant bearing the empty plasmid (JE1208) or complementing plasmid

(JE1211). (D,E) � indicates significant difference from the WT and # indicates significant difference between the indicated strains by one-way ANOVA with P<0.05. (F)

Activation of a terminal SPI-1 promoter (prgHp-lacZY) as determined by ß-galactosidase activity. (A-E) Data points indicate mean +/- SEM from triplicate samples

using blood from 3 different donors. (F) Bars represent mean +/- SEM from 3 independent experiments.

https://doi.org/10.1371/journal.pone.0203698.g003

Table 2. Neutrophil association with STm mutants after 1 hour co-culture.

% GFP positive (mean +/- SEM)

Strain Genotype Stationary Exponential

JE13 WT 96 +/- 1.5 88 +/- 4.1

JE1028 ΔSPI-1 95 +/- 2.1 82 +/- 2.4

JE1032 ΔfliCΔfljB 99 +/- 0.2 94 +/- 1.4

JE1296 ΔprgH 98 +/- 0.4 92 +/- 3.0

JE1298 ΔmotA 97 +/- 0.7 86 +/- 2.4

- No differences found between WT and mutant within a growth condition by one-way ANOVA.

https://doi.org/10.1371/journal.pone.0203698.t002
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respiratory burst with the addition of IL-8 to GM-CSF. Similar to previous studies, we found

that normal serum, containing complement proteins, is needed for the optimal intracellular

neutrophil respiratory burst in response to STm in our model, likely due to an increased STm

uptake by neutrophils [17, 46–49]. Finally, we demonstrate that increasing the STm:neutrophil

ratio increases the neutrophil respiratory burst, and plateaus when most neutrophils contact

STm. One limitation of our data is the lack of ability to discriminate between intracellular and

extracellularly bound STm as well as the number of bacteria per neutrophil. However, our data

are consistent with the finding that neutrophils have a more robust respiratory burst when

exposed to increasing relative concentrations of some bacteria including Streptococcus pneu-
moniae [50] and Escherichia coli [51]. Together our data demonstrate that the in vitro intracel-

lular respiratory burst in STm-stimulated neutrophils is enhanced by complement, neutrophil

priming with GM-CSF, and when all neutrophils contact at least one STm.

Our data support a role for the STm TTSS-1 in stimulating the neutrophil respiratory burst

(Fig 3). Interestingly, this finding is in contrast to the effects of the TTSS of other pathogens on

the neutrophil respiratory burst. The TTSS secreted effector proteins ExoS and ExoT of Pseu-
domonas aeruginosa block the neutrophil respiratory burst through inhibition of NADPH oxi-

dase assembly [52]. The neutrophil respiratory burst is also inhibited by the TTSS encoded by

the pCD1 virulence plasmid in Yersinia pestis [53]. Similarly, STm expressing the TTSS-2 is

found within neutrophils in systemic infection models, suggesting that it may utilize the TTSS-

2 to alter intracellular ROS production through the inhibition of the assembly of the NADPH

oxidase system as it does to survive within macrophages during systemic infection [54–56].

However, unlike P. aeruginosa and Y. pestis, STm benefits from the oxidative environment cre-

ated by neutrophils as a part of its pathogenesis in the gut [7–9], so it is not surprising that

STm employs different mechanisms to alter neutrophil antimicrobial functions based on the

local tissue environment. One possible mechanism for the TTSS-1 to increase the neutrophil

respiratory burst is through a direct interaction of one or more TTSS-1 effector protein(s) with

the assembly of the neutrophil NADPH oxidase system. Additionally, defective flagellin trans-

location into the host cell cytosol by the TTSS-1 deficient mutants may also account for the

reduced respiratory burst as the TTSS-1 translocates flagellin into the cytosol of macrophages

[57]. One limitation to our study is that we do not know whether the altered neutrophil ROS

induced by the TTSS-1 mutant changes the fitness of STm inside neutrophils. Further work is

needed to elucidate the mechanism(s) for the effects of the TTSS effector proteins on the neu-

trophil respiratory burst.

Flagellar motility is critical for STm to contact the gut epithelium and helps to increase the

efficiency of SPI-1 mediated cell invasion in both the bovine and murine intestine [58–61].

Epithelial cell recognition of flagellins by TLR-5 causes IL-8 secretion, leading to neutrophil

recruitment to the gut [6]. Our data demonstrate a reduced total and intracellular neutrophil

respiratory burst in response to the amotile ΔfliCΔfljBand ΔmotA mutants by both fluorescent

and luminescent methods of ROS detection (Fig 3). This diminished respiratory burst cannot

be explained by a reduced cell-cell interaction, as we did not detect a change in neutrophil

association with the amotile mutants (Table 2). Neither is this difference explained by altered

TLR-5 flagellar activation, as purified STm flagellins alone failed to stimulate an intracellular

respiratory burst as detected by DHR in our model. This is in contrast to prior work that dem-

onstrated significant extracellular superoxide production by human neutrophils stimulated

with P. aeruginosa flagellin type a or b (1 μg/mL) using diogenes-enhanced chemilumines-

cence [62]. Diogenes-enhanced chemiluminescence detects smaller quantities of ROS than

DHR but only detects extracellular ROS [63]. However, our data are consistent with the find-

ing that neutrophil extracellular trap formation in response to Pseudomonas aeruginosa
requires flagellar motility [62]. Flagellar motility of P. aeruginosa directly stimulates neutrophil
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and macrophage phagocytosis through activation of the PI3K/Akt pathway [64, 65]. Phagocy-

tosis stimulates neutrophil NADPH oxidase assembly [66], so it is possible that the amotile

mutants are able to associate with neutrophils but are not phagocytosed as efficiently, leading

to our observed phenotype. Our data taken together with prior work [62, 65] suggest an

important role for flagellar motility in neutrophil antimicrobial responses. Further work is

needed to establish how STm motility influences the neutrophil respiratory burst.

Salmonella benefits from the TTSS-1 mediated neutrophilic inflammation in the gut during

early infection. STm gene expression is heterogeneous in the intestinal lumen. The TTSS-1 is

expressed in about half of STm during early infection within the intestinal lumen [67]. Simi-

larly, fliC expression is heterogeneous with the highest number of fliC-expressing cells located

at the epithelial surface [67, 68]. Adding to this body of work, our data suggest that expression

of the TTSS-1 and flagellar motility are agonists of neutrophil ROS production. Since STm are

found within luminal neutrophils [18], it is possible that STm variation in virulence gene

expression in the intestinal lumen alters neutrophil ROS production and contributes to STm

survival in the inflamed intestine.

Supporting information

S1 Fig. Both complement and neutrophil priming are necessary for a robust intracellular

neutrophil respiratory burst upon STm stimulation. PMNs were suspended in media con-

taining either heat-inactivated serum (HS) or normal serum (NS) and primed with GM-CSF

(G) with or without IL-8. PMNs were stimulated with STm (MOI 50:1) for 1 hour. Respiratory

burst was measured by DHR-123 fluorescence. � indicates significant difference in relative

fluorescence units (RFU) compared with unprimed STm-stimulated PMN in HS. Bars repre-

sent the mean +/- SEM RFU from triplicate samples using blood from 3 different donors. Sta-

tistical significance was determined on samples normalized to time 0 by one-way ANOVA

with P<0.05.

(TIFF)

S2 Fig. Neither purified flagellin nor LPS elicit a strong intracellular neutrophil respira-

tory burst. GM-CSF-primed human neutrophils in NHS were exposed to flagellin, LPS, or

STm for 3 hours at the indicated concentrations. Intracellular respiratory burst was measured

by DHR-123 fluorescence. Bars indicate mean +/- SEM fluorescence fold change from time 0

from triplicate samples from 3 blood donors. � indicates significant difference in fluorescence

fold change from unstimulated neutrophils. Statistical significance was determined by one-

way ANOVA with P<0.05.

(TIFF)

S3 Fig. Neutrophil-STm association increases as MOI increases. GM-CSF-primed neutro-

phils in NHS were exposed to STm constitutively expressing GFP at the indicated MOI. The

number of GFP-positive neutrophils was determined by flow cytometry. (A) Representative

histogram from 1-hour co-culture. (B) Quantification of the proportion of GFP positive neu-

trophils after co-culture at the indicated MOI. Bars represent mean +/- SEM GFP positive

PMNs from 3 blood donors. � indicates significant difference between groups. Different sym-

bols (#, †) indicate significant difference within a group. Statistical significance determined by

two-way ANOVA with P<0.05.

(TIFF)

S4 Fig. Total respiratory burst from each individual donor as assessed by luminol-

enhanced chemiluminescence. GM-CSF-primed neutrophils in NHS were exposed to STm

(MOI 50:1) from cultures in late-exponential phase. See Fig 3A for strains. Data points
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represent the mean +/- SEM for triplicate samples from each donor.

(TIFF)

S5 Fig. Both the SPI-1 mutant and complemented ΔmotA mutant have adequate swimming

and swarming motility. Normalized overnight cultures were spotted onto swimming (A) and

swarming (B) agar. Cell spread was measured at 4 and 6 hours post-inoculation, respectively.

The diameter of cell spread of each mutant was compared with the WT on the same plate.

Each assay was performed in replicates of 4–5 on 3 different occasions. Bars represent mean

+/- SEM. � indicates significant difference between WT and the mutant and # indicates signifi-

cant difference between the indicated mutants by one-way ANOVA with P<0.05.

(TIFF)

S6 Fig. The amotile mutant elicits a reduced respiratory burst from both stationary and

exponentially grown cultures. GM-CSF-primed neutrophils in NHS were exposed to STm

(MOI 50:1) from cultures in stationary (black bars) or late-exponential (white bars) phase. �

indicates significant difference from the WT in the same condition by one-way ANOVA with

P<0.05.

(TIFF)
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