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Abstract  1 

Host control of infections crucially depends on the capability to kill pathogens with reactive 2 

oxygen species (ROS). However, these toxic molecules can also readily damage host components 3 

and cause severe immunopathology. Here, we show that neutrophils use their most abundant 4 

granule protein, myeloperoxidase, to target ROS specifically to pathogens while minimizing 5 

collateral tissue damage. A computational model predicted that myeloperoxidase efficiently 6 

scavenges diffusible H2O2 at the surface of phagosomal Salmonella, and converts it into highly 7 

reactive HOCl (bleach), which rapidly damages biomolecules within a radius of less than 0.1 μm. 8 

Myeloperoxidase-deficient neutrophils were predicted to accumulate large quantities of H2O2 9 

that still effectively kill Salmonella, but most H2O2 would leak from the phagosome. Salmonella 10 

stimulation of neutrophils from normal and myeloperoxidase-deficient human donors 11 

experimentally confirmed an inverse relationship between myeloperoxidase activity and 12 

extracellular H2O2 release. Myeloperoxidase-deficient mice infected with Salmonella had 13 

elevated hydrogen peroxide tissue levels and exacerbated oxidative damage of host lipids and 14 

DNA, despite almost normal Salmonella control. These data show that myeloperoxidase has a 15 

major function in mitigating collateral tissue damage during antimicrobial oxidative bursts, by 16 

converting diffusible long-lived H2O2 into highly reactive, microbicidal, and locally confined 17 

HOCl at pathogen surfaces. 18 
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When stimulated by microbes, neutrophils use the enzyme phagocyte NADPH oxidase to generate 19 

bursts of superoxide O2
- that spontaneously dismutates to hydrogen peroxide H2O2. The enzyme 20 

myeloperoxidase (MPO) can then convert O2
- and H2O2 into hypohalites (predominantly HOCl, 21 

bleach; but also HOBr)1. The MPO intermediate “compound I” is the strongest two-electron oxidant 22 

that is generated in humans2, and its product HOCl is a kinetically and thermodynamically highly 23 

reactive oxidant3 with potent antimicrobial efficacy1. MPO can also contribute to the formation of 24 

antimicrobial neutrophil extracellular traps (NETs)4,5. However, MPO has apparently an only limited 25 

role in infection control in humans and mice, at least in modern hygienic environments, in marked 26 

contrast to NADPH oxidase, which is essential for controlling a wide range of infections1. MPO has 27 

clear detrimental effects in cardiovascular diseases6, and MPO inhibitors are currently in clinical 28 

development for these and other indications7.  Taken together, it is not entirely clear why neutrophils 29 

contain large quantities of MPO.30 
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Results  31 

 32 

Computational modeling of MPO impact on Salmonella killing and ROS leakage 33 

To re-examine the role of MPO during infection, we combined a previously described computational 34 

model of oxidative bursts in neutrophil phagosomes8, with our recent model of ROS defense in 35 

Salmonella enterica serovar Typhimurium9 (Supplementary Note). We used this model to compare 36 

conditions in neutrophils with various levels of MPO (Fig. 1).   37 

In absence of MPO (Fig. 1a, left), this model predicted H2O2 to be the dominant ROS output 38 

(Fig. 1a, b), as previously reported8,9. Salmonella could detoxify about 3% of this H2O2 output using 39 

its catalase KatG, while peroxidases (AhpC, Tsa, Tpx) had low saturated activities (Fig. 1c), consistent 40 

with the respective enzyme kinetics10. This minor detoxification had negligible impact on the 41 

Salmonella internal H2O2 concentration compared to the phagosomal lumen (Fig. 1d), resulting in 42 

lethal levels well above the toxicity threshold of about 2 μM11 suggesting H2O2-mediated Salmonella 43 

killing under conditions without MPO9. At the same time, most H2O2 would actually not enter 44 

Salmonella, but rather leak out of the phagosome to the surrounding neutrophil cytosol (Fig. 1b), 45 

reflecting diffusion of H2O2 through membranes at substantial rates (around 1-3 x 10-3 cm s-1 across 46 

bacterial11 and mammalian12 membranes), again in agreement with previous modelling results8. By 47 

contrast, O2
- concentration in Salmonella compartments remained always at non-toxic sub-nanomolar 48 

levels in agreement with our previous results9. 49 

In presence of low levels of MPO, the model suggested that H2O2 was partially converted to 50 

HOCl (Fig. 1a, middle; 50% conversion to HOCl at 0.13 mM MPO; Fig. 1b). The remaining H2O2 51 

would still overwhelm Salmonella detoxification and kill Salmonella (Fig. 1d), but also largely leak 52 

from the phagosome (Fig. 1b). By contrast, HOCl would act locally. Based on HOCl reaction rate 53 

constants3, its diffusion coefficient13, and protein concentrations in phagosomes8, HOCl is expected to 54 

have a lifetime of 0.1 μs, and a diffusion length of about 30 nm (similar to previous estimates8). This 55 

short reach would confine HOCl-mediated damage largely to the phagosome, consistent with recent 56 
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experimental data14. In fact, immunohistochemistry of Salmonella and MPO in infected mouse spleen 57 

showed that most MPO bound to Salmonella (Fig. 1e), suggesting precise targeting of HOCl 58 

generation and its damaging action to the pathogen surface.  59 

At normal MPO concentrations around 1 mM in the phagosome8, the model predicted efficient 60 

conversion of O2
-  to HOCl (80% of the optimal theoretical yield of ½ HOCl per O2

-; Fig. 1a, right; 61 

Fig. 1.b) consistent with previous experimental1 and modeling results8. HOCl (and its reaction 62 

products such as chloramines14) are likely the main bactericidal ROS under these conditions, since 63 

efficient scavenging of O2
- and H2O2 by MPO would limit the concentrations of these other ROS to 64 

levels (17.4 μM, 1.2 μM) that Salmonella could easily detoxify with its peroxidases and catalase 65 

(internal H2O2 concentration, 0.77 μM; well below the toxicity threshold of about 2 μM11; Fig. 1 d). 66 

Due to its low phagosomal concentration, H2O2 would leak only slowly from the phagosome under 67 

these conditions (Fig. 1b). 68 

These data suggested that absence/presence of MPO alters the bactericidal ROS (H2O2 vs. 69 

HOCl), but has little impact on overall Salmonella killing. Our results differ somewhat from previous 70 

interpretations of computational modeling results that suggested O2
-, but not H2O2, as the most 71 

important bactericidal ROS when MPO activity is low8. However, Salmonella and other pathogens 72 

have potent superoxide dismutases15 that detoxify O2
- at very high, diffusion-limited rates16,17, 73 

whereas H2O2 in Salmonella compartments easily reach micromolar concentrations despite their 74 

catalases and peroxidases. This is sufficient for lethal damage11, despite the observation that in vitro 75 

killing with bolus injections into bacterial cultures require millimolar H2O2 concentrations. Under such 76 

non-physiological conditions, quick consumption of reduced free iron as Fenton reaction catalyst and 77 

blocking of metabolism render bacteria less vulnerable to oxidative damage18.  78 

Consistent with previous data8, the model predicted a major role of MPO in the control of 79 

ROS leakage from the phagosome (Fig. 1a, b). This was the consequence of differences in reactivity 80 

and reach between the MPO substrate H2O2 (comparatively stable, rapid diffusion through 81 

membranes)19 and the MPO product HOCl (highly reactive, reach in the nanometer range). At normal 82 

MPO, most H2O2 was rapidly consumed minimizing its leakage (Fig. 1a, right; Fig. 1b), but already at 83 
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partial MPO deficiency (13% of normal), H2O2 leakage would reach rates above 1 million H2O2 84 

molecules s-1, surpassing HOCl production (Fig. 1b). A major role of MPO might thus be the 85 

confinement of reactive oxygen species and their damaging actions to the neutrophil phagosome 86 

during oxidative bursts. 87 

 88 

MPO controls H2O2 leakage from Salmonella-stimulated human neutrophils in vitro 89 

H2O2 leaking from the phagosome can be scavenged by several detoxification systems in the 90 

neutrophil cytosol20. However, a substantial fraction of H2O2 would still escape from the phagosome 91 

through the cytosol to the extracellular space19. Early experimental data suggested little H2O2 release 92 

in the first few minutes after microbial stimulation of neutrophils, with weak impact of MPO21,22. We 93 

revisited this issue with purified human neutrophils in vitro using longer observation times. 94 

Stimulation with heat-killed Salmonella resulted in typical neutrophil oxygen consumption kinetics 95 

and luminol chemoluminescence (a specific read-out for MPO activity23) with peaks at 20 to 40 min. 96 

(Fig. 2a, left, middle). An assay using horseradish peroxidase and Amplex Red that reports H2O2 in the 97 

extracellular medium, indicated significant H2O2 leakage from neutrophils throughout the entire 98 

oxidative burst (Fig. 2a, right).  99 

To modulate MPO activity, we used the specific inhibitor ABAH24. MPO inhibition in intact 100 

human neutrophils required rather high ABAH concentrations (IC50 about 200 μM under our assay 101 

conditions) compared to much lower inhibitory concentrations (IC50 = 3 μM) for neutrophil lysates 102 

(Supplementary Fig. 1a). About 60-fold higher IC50 values for MPO in intact cells vs. freely accessible 103 

MPO were consistent with previous reports23,24, and might reflect low saturation of MPO with 104 

endogenously generated H2O2 in phagosomes and/or poor intracellular drug penetration. At such high 105 

concentrations, ABAH reduced MPO activity and enhanced extracellular H2O2 leakage during 106 

stimulation with live or heat-killed Salmonella (Fig. 2c), or the fungal pathogen Candida albicans 107 

(Supplementary Fig. 1c). These data were consistent with the computational predictions of enhanced 108 

H2O2 leakage at low MPO activities. Another reagent to detect MPO activity, and more selectively 109 
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HOCl production25, 3′-(p-aminophenyl) fluorescein (APF), gave similar results (Supplementary Fig. 110 

1b). The release of H2O2 did not correlate with differential oxygen consumption (Fig. 2d, 111 

Supplementary Fig. 1d,e). Inhibiting NADPH oxidase with DPI largely abolished luminol/APF 112 

oxidation, extracellular H2O2 leakage, and oxygen consumption (Fig. 2c; Supplementary Fig. 1b, 1e), 113 

as expected. ABAH and DPI did not affect neutrophil degranulation as measured by three different 114 

assays26 (Supplementary Fig. 1f). Both inhibitors did not cause detectable toxicity under our 115 

conditions (Supplementary Fig. 1g). 116 

We next tested neutrophils from donors with partial or severe MPO deficiency according to 117 

standard clinical cytometry (Fig. 2b). As expected, MPO-deficient neutrophils had lower MPO 118 

activities compared to normal donors, and this was associated with strongly increased H2O2 release 119 

(Fig. 2c; Supplementary Fig. 1c). MPO activity and extracellular H2O2 leakage had a highly 120 

significant inverse relationship (Fig. 2e), consistent with our model predictions. Similarly, the 121 

cytometry parameter for MPO, the “mean peroxidase index (MPXI)”, correlated with MPO activity 122 

but had a significant inverse correlation with H2O2 release (Supplementary Fig. 1h). These data 123 

demonstrated that neutrophils release H2O2 depending on their MPO activity.  124 

In most experiments, we used particulate pathogen material (Salmonella, Candida) that trigger 125 

oxidative bursts at the phagosome membrane27. For comparison, we also stimulated neutrophils with 126 

phorbol esters (PMA) that induce oxidative bursts predominantly at the cell surface27. Under these 127 

conditions, partial blocking of MPO did not significantly alter H2O2 release (Supplementary Fig. 1i).  128 

Diffusion of reactants at the cell surface and altered activities of NADPH oxidase and the various 129 

MPO enzymatic reactions (both consuming and generating H2O2)8 might result in a balanced MPO-130 

mediated H2O2-production and –consumption under these somewhat artificial conditions. Future work 131 

might clarify this issue.  132 

 133 

MPO controls H2O2 release and tissue damage in Salmonella-infected mice 134 
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In a mouse typhoid fever model28, neutrophils and inflammatory monocytes provide strong, yet 135 

incomplete, control of Salmonella29-32 through NADPH oxidase-mediated mechanisms9, suggesting a 136 

key importance of oxidative bursts and ROS. In humans, neutropenia is sometimes associated with 137 

Salmonella bacteremia although endogenous pathogens are much more frequent, whereas NADPH 138 

oxidase defects are associated with severe Salmonella infections33. In contrast to the strong impact of 139 

NADPH oxidase deficiency, Salmonella enterica serovar Typhimurium grows only slightly faster in 140 

MPO-deficient mice compared to congenic wild-type mice (about 3fold higher spleen loads at day 4 141 

post-infection, a minor difference compared to the overall 1’000 to 10’000fold increase during the 142 

same time interval)9. To obtain equivalent Salmonella spleen loads at day 4 (Fig. 3a), we infected 143 

MPO-mice with a 2-3 fold lower dose in this study.  144 

To determine extracellular H2O2 release in vivo, we used a H2O2-specific Salmonella 145 

biosensor9 carrying a transcriptional fusion of the katGp promoter to gfp in addition to constitutively 146 

expressed mCherry. katGp is controlled by the transcription factor OxyR that is activated by direct 147 

reaction of cysteines with H2O2
34 in the sub-micromolar range35. Biosensor Salmonella thus show 148 

always red fluorescence (when alive), enabling their discrimination from host debris (Fig. 3b), and 149 

additional green fluorescence when exposed to H2O2 at levels above 0.1 μM with up to 100fold 150 

induction when optimally stimulated9 (Fig. 3c). This Salmonella H2O2 biosensor showed more9 and 151 

brighter GFPhi cells in MPO-deficient mice compared to congenic mice (Fig. 3d, e), suggesting an 152 

increased fraction of H2O2-exposed Salmonella, as well as higher levels of exposure.  153 

The majority of GFPhi, H2O2-exposed Salmonella in MPO-deficient mice resided in F4/80hi 154 

resident macrophages within the red pulp (Fig. 3f, g), the major host cell type harboring live 155 

Salmonella in spleen9. This was initially surprising, as neutrophils and inflammatory monocytes 156 

generate much stronger oxidative bursts compared to macrophages1,36. Moreover, neutrophils and 157 

monocytes, but not macrophages, normally express MPO37 and would thus be primarily affected by 158 

MPO deficiency. Apparently, H2O2 leaking from MPO-deficient neutrophils/monocytes in vivo 159 

diffused through the surrounding tissue to reach resident macrophages and their intracellular biosensor 160 

Salmonella.  161 
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Previous studies have reported similar or altered neutrophil tissue infiltration for MPO-162 

deficient mice in various disease models38-45 which could affect oxidative stress levels. However, in 163 

the typhoid fever model neutrophil recruitment as detected by an antibody to Ly-6G was similar in 164 

infected wild-type and MPO-deficient mice (Fig. 4c, left). MPO-deficient human individuals had also 165 

rather normal blood neutrophil counts compared to controls [(3.2 ± 0.5) x 109 ml-1 vs. (3.4 ± 0.3) x 109 166 

ml-1; N 5, 8; P > 0.05]. 167 

While less reactive compared to HOCl, H2O2 is still a strong oxidant that can damage a large 168 

range of biomolecules, especially when in contact with metals, nitric oxide, etc.46. Indeed, infected 169 

MPO deficient mice that had higher H2O2 tissue levels, had also strongly exacerbated lipid 170 

peroxidation in the spleen red pulp (where most Salmonella and neutrophils/monocytes resided) as 171 

detected by the reaction product 4-HNE47,48 (Fig. 4a, c), and slightly, but significantly increased DNA 172 

damage based on increased levels of 8-OHdG 48 (Fig. 4b, c), compared to infected wild-type mice. 173 

These oxidative damages occurred sometimes within or close to Salmonella (based on co-localization 174 

with an antibody to LPS), but most damage affected host components in CD11bhi cells (neutrophils 175 

and monocytes with potent oxidative bursts), as well as CD11blow bystander cells (Fig. 4a, b, insets) 176 

consistent with ROS leakage and diffusion through the tissue. Uninfected mice showed background 177 

staining in the spleen white pulp, but no detectable damage in the spleen red pulp (Supplementary 178 

Figure 2). Together, these data suggested that ROS, which are generated as part of an inflammatory 179 

response to infection, are released and cause exacerbated collateral tissue damage unless MPO 180 

confines them to intracellular compartments (Fig. 4d). 181 
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Discussion 182 

Several pathogens such as Salmonella have versatile stress defense mechanisms. Killing these sturdy 183 

pathogens requires aggressive immune attacks with high local intensity, but this inevitably poses a risk 184 

of excessive self-damage in host tissues. Our data show how host immunity can solve this 185 

fundamental problem for a crucial antimicrobial mechanism, the employment of reactive oxygen 186 

species (ROS). During oxidative bursts, neutrophils use NADPH oxidase to generate high fluxes of 187 

superoxide, which spontaneously dismutates to H2O2. The large amount of H2O2 that these cells 188 

generate is sufficient to kill Salmonella, thus achieving the primary objective - microbial target 189 

destruction. However, H2O2 can also readily leak to the surrounding host tissue posing a risk of 190 

substantial collateral damage. Neutrophils use the highly abundant protein MPO to solve this problem 191 

by converting stable diffusible H2O2 into HOCl, which rapidly reacts with biomolecules within a few 192 

nanometers. MPO directly binds to the surface of various microbes including Salmonella (Fig. 1e) and 193 

Staphylococcus aureus1, thus enabling precision-targeting of pathogens with intense oxidative attacks, 194 

while mitigating the risk of collateral damage (Fig. 4a, b, c). Interestingly, MPO is largely absent in 195 

resident tissue macrophages that generate ROS at about 10-fold lower rates compared to neutrophils10, 196 

resulting in a lower risk of collateral damage.  197 

Without self-protecting MPO, host tissues experience exacerbated oxidative tissue damage 198 

such as lipid peroxidation and DNA oxidation during infection. Increased oxidative damage during 199 

infections could have cumulative consequences over the lifetime of an individual even if the 200 

consequences on organ function and survival during a single infection might be moderate. Repeated 201 

oxidative damage can contribute to multiple diseases such as neurodegenerative and cardiovascular 202 

diseases and cancer as well as accelerated aging49,50. Human data are scarce but early studies reported 203 

an increased cancer incidence in patients with complete MPO deficiency51, whereas single nucleotide 204 

polymorphisms that modulate MPO activity have weak if any impact on cancer risk52. Indeed, our 205 

computational model and experimental data suggest that detrimental effects should appear mostly in 206 

patients with severe/complete MPO deficiency (Fig. 1b, Fig. 2c), which is rare (in contrast to partial 207 

deficiency1). Importantly, studies have only been carried out in industrialized countries where human 208 
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infections have become greatly reduced in modern times53, reducing the lifetime impact of 209 

inflammation, collateral damage, and MPO deficiency1. On the other hand, long-term treatment with 210 

MPO inhibitors could exacerbate these issues, and this should perhaps be considered during the 211 

current clinical development of such drugs.  212 

Our results differ from a study of zymosan-induced peritonitis showing that MPO actually 213 

promotes lipid peroxidation54. Zymosan-induced peritonitis causes extensive cell death of neutrophils 214 

within a few hours55, and released MPO can then access and broadly damage extracellular host 215 

molecules. Extracellular MPO release might be also involved in other disease models in which MPO 216 

causes exacerbated immune pathology1,40,42. In contrast, detectable host cell death is rare in our mouse 217 

typhoid fever model (around 1% of all infected cells)56, thus preserving intracellular containment of 218 

MPO and its damaging action. 219 

 Myeloperoxidase generates highly bactericidal agents that contribute to control of pathogens 220 

such as Staphylococcus aureus1 and Candida57, and can trigger NET formation. This study shows that 221 

MPO has an additional major function in mitigating collateral tissue damage during oxidative 222 

antimicrobial attacks, by converting diffusible long-lived H2O2 that can leak out and cause damage in 223 

the surrounding tissue, into highly reactive, microbiocidal, and locally confined HOCl at the pathogen 224 

surface (Fig. 4e). More work will be required to fully assess the impact of this protective mechanism 225 

in humans. 226 

227 
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Methods 228 

Modeling of oxidative bursts in neutrophil phagosomes 229 

We built a diffusion-reaction model based on a previous neutrophil phagosome model8 and our 230 

previous model of Salmonella oxidative stress defense9, which are both based on experimentally 231 

determined parameters (see Supplementary Note). The model covers O2
- generation by NADPH 232 

oxidase; O2
- protonation equilibrium; spontaneous O2

- dismutation; reactions of O2
- catalyzed by 233 

myeloperoxidase or Salmonella superoxide dismutases SodA, SodB, SodCI; reactions of H2O2 234 

catalyzed by myeloperoxidase or Salmonella catalase KatG or peroxidases AhpC, Tsa, Tpx; 235 

generation of HOCl by reaction of MPO compound I with chloride and MPO side reactions; and 236 

diffusion of HO2 and H2O2 across the phagosomal membrane as well as Salmonella outer and inner 237 

membranes. Simulations using the Simulink feature of MATLAB were run until steady state 238 

concentrations were reached. Code is available upon request from the corresponding author. 239 

 240 

MPO-deficient human individuals and normal volunteers 241 

The study was approved by the responsible Ethics Committee (EKNZ 2015-187) and in compliance 242 

with the Declaration of Helsinki. Study participants signed an informed consent form. 243 

Fresh venous blood was drawn in 2.7 ml polyethylene tubes containing 1.6mg EDTA/ml blood 244 

(Sarsted) and analyzed within two hours on full-automated Advia 2120 hematological analyzer 245 

(Bayer) at Hematology Routine Diagnostics Laboratory, University Hospital Basel. MPO level was 246 

determined from a Perox diagram according to cell size and peroxidase activity. MPO Index (MPXI) 247 

was calculated according to the formula: MPXI=121.1-2.38 x A(degrees), where A(degrees) describes 248 

the angle through the center of the deficient cluster and the baseline of the diagram58. 249 

 250 

Human PMN isolation 251 

Human PMN were isolated as previously described59. In brief, human peripheral blood was collected 252 

in 7.5 ml polyethylene tubes containing 1.6 mg EDTA/ml blood (Sarsted), mixed with 3% Dextran 253 

(Pharmacia) / NaCl solution supplemented with 10 ug/ml Polymyxin-B (Calbiochem) in a ratio of 2:1. 254 

Erythrocyte sedimentation occurred after incubation for 30 min at 37°C in a 5% CO2 incubator. Then 255 
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the leukocyte-rich plasma was aspirated and centrifuged for 7 min at 1400 rpm, 4°C. The pellet was 256 

resuspended and transferred to a discontinuous Percoll gradient with 53% and 67% Percoll (GE 257 

Healthcare). Percoll Gradient centrifugation was performed for 30 min at 1400 rpm, 4°C, no braking. 258 

The visible ring containing PMN fraction was collected and washed in 0.9% NaCl, resuspended in 259 

RPMI (Invitrogen Gibco) + 10% FBS and counted with Türk solution and an automatic cell counter 260 

system ADAM (Digital Bio). Purity and viability was routinely >97% and >99%, respectively. If 261 

necessary, hypotonic erythrocyte lysis was performed with erythrocyte lysis buffer (Biolegend). 262 

Neutrophils were distributed and incubated for 15 min before stimulation. 263 

 264 

Pathogen cultures 265 

Salmonella strains used in this study were derived from Salmonella enterica serovar Typhimurium 266 

SL1344 hisG rpsL xyl60,61. The H2O2 biosensor construct pkatGp-gfpOVA  was described previously9. 267 

Salmonella were cultured at 37°C with aeration (200 rpm) in Lennox LB with addition of 90 μg ml-1 268 

streptomycin with or without 100 μg ml-1 ampicillin. For in vitro experiments, stationary phase 269 

Salmonella were opsonized in 10% human serum in PBS for 20min at 37°C, washed with PBS, and 270 

diluted to a multiplicity of infection (MOI) of 30 for immediate use (live Salmonella). Alternatively, 271 

Salmonella were grown to mid-log phase, washed twice in PBS and heat-inactivated at 99°C for 15 272 

min. Heat-inactivated Salmonella were opsonized in 10% human serum in PBS for 20 min at 37°C, 273 

washed  with PBS, and diluted to MOI 200 for immediate use (heat-inactivated Salmonella). 274 

Candida albicans SC5314 was grown overnight in yeast peptone dextrose (YPD, BD Difco) 275 

media at 37°C. A subculture was inoculated 1:100 and grown to mid-log phase. C. albicans was 276 

washed twice with 0.9% NaCl and heat-inactivated at 95°C for 1 h. C. albicans was opsonized in 10% 277 

human serum in PBS for 20 min at 37°C, washed with PBS and diluted to MOI 1 for immediate use. 278 

 279 

MPO acitivity assays 280 

MPO activity of PMN was measured using luminol-enhanced chemoluminescence or 3′-(p-281 

aminophenyl) fluorescein (APF) fluorescence. In brief, 2x105 cells were incubated in RPMI+10% FCS 282 

for 1h at 37°C, 5% CO2 without inhibitors, or with 500 μM ABAH or 10 μM DPI. Neutrophils were 283 
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stimulated with opsonized Salmonella, Candida albicans, or 1 nM PMA in the presence of 10% 284 

human serum and 100 μM luminol (Fluka) in HBSS (Invitrogen, Gibco) containing 0.1% glucose 285 

(Braun). Chemiluminescence was measured at 5 min intervals at 37°C with a luminometer 286 

(Microlumat Plus, Berthold Technologies). APF fluorescence was measured with flow cytometry. 287 

Values were corrected based on unstimulated controls and initial time points.  288 

 289 

Hydrogen peroxide release of human neutrophils  290 

Extracellular H2O2 release was measured by the production of Resofurin from Amplex Red 291 

(Invitrogen). In brief, 1x105 cells/well were treated with or without inhibitors in RPMI containing 10% 292 

FCS for 1h at 37°C, 5% CO2. Cells were washed once and incubated in 50μM Amplex Red + 293 

0.1U/mL horse radish peroxidase (HRP, Sigma) in KRPG buffer (145 mM NaCl, 5.7 mM sodium 294 

phosphate, 4.86 mM KCl, 0.54 mM CaCl2, 1.22 mM MgSO4, 5.5 mM glucose, pH 7.35). Neutrophils 295 

were stimulated with Salmonella or Candida albicans and fluorescence was measured at 5 min 296 

intervals at 37°C with a fluorescence plate reader (490 nm excitation, 590 nm emission). Values were 297 

corrected based on negative controls without HRP and initial time points. H2O2 concentration was 298 

determined using standard curves obtained with defined H2O2 concentrations. 299 

 300 

Oxygen Consumption Rate 301 

Oxygen Consumption Rate was measured with a Seahorse XF-96 metabolic extracellular flux analyzer 302 

(Seahorse Bioscience). Human peripheral blood derived neutrophils pretreated or not with inhibitors 303 

were resuspended in KRPG buffer and plated onto Seahorse cell plates (3 × 105 cells per well) coated 304 

with Cell-Tak (BD Bioscience). Heat-killed C. albicans SC5314 (MOI=2) or heat-killed Salmonella 305 

Typhimurium SL1344 (MOI=200) was directly applied onto plated cells via the instrument's injection 306 

port. The experimental parameters were set at 3 min mixture / 0 minutes wait / 3 min measurement for 307 

23 cycles. 308 

 309 

Peroxidation activity of MPO in intact and lysed neutrophils 310 
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Peroxidation activity was quantified by the production of Resofurin from Amplex Red. To determine 311 

MPO activity of neutrophil lysates 1x105 cells/well were lysed with 1x lysis buffer (Cell signaling, No. 312 

9803) and treated with increasing ABAH concentrations (0 μM to 500 μM) in RPMI+10% FCS. 50 313 

μM Amplex Red + 5 μM H2O2 were added and fluorescence was measured after 30 min incubation at 314 

37°C. To determine MPO activity of intact neutrophils 1x105cells/well were washed 3 x with PBS 315 

after 1h treatment of increasing ABAH concentrations (0 μM to 500 μM) in RPMI+10% FCS, and 316 

then lysed. 50 μM Amplex Red + 5 μM H2O2 were added and fluorescence was measured after 30 min 317 

incubation at 37°C. MPO activity was determined using standard curves obtained with defined MPO 318 

(Sigma M6908) concentrations. 319 

 320 

Neutrophil degranulation  321 

MPO release in neutrophil supernatants at 75 min after stimulation was quantified with the Human 322 

MPO DuoSet ELISA kit (R&D, No. DY3174) using a MPO standard for calibration following the 323 

manufacturer's instructions. Optical density of standards and neutrophil supernatants was determined 324 

in triplicates at 450 nm using an ELISA microplate reader (Biotek, Synergy H3). 325 

Appearance of CD63 and CD66 at the neutrophil surface following 75 min stimulation was 326 

quantified with flow cytometry. Cells were incubated for 15 min at room temperature with human 327 

TruStain FcXTM Blocking solution (Biolegend, No. 422302, 2µl/test), followed by incubation with 328 

FITC anti-human CD66b (Biolegend, Clone G10F5, No. 305104) and APC anti-human CD63 329 

(Biolegend, Clone H5C6, No. 353008) for 30 minutes at 4°C. Samples were analyzed using a BD 330 

Accuri C6 flow cytometer using FL-1 (488nm laser, 530/30 filter) and FL-4 (640nm laser, 675/25 331 

filter) channels.  332 

 333 

Mouse Infections and Tissue Collection 334 

All animal experiments were approved (license 2239, Kantonales Veterinäramt Basel) and performed 335 

according to local guidelines (Tierschutz-Verordnung, Basel) and the Swiss animal protection law 336 

(Tierschutz-Gesetz). Female 8-10 weeks old B6.129X1-MPOtm1Lus/J as well as age- and sex-matched 337 

C57BL/6J congenic mice, were infected by tail vein injection of 800-2800 Salmonella in 100 µl PBS 338 
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and euthanized at 4 days post infection. Spleen tissue was collected from each mouse and dissected 339 

into several pieces. CFU counts were determined by plating. We estimated sample size by a sequential 340 

statistical design. We first infected 4 mice each based on effect sizes and variation observed in our 341 

previous study9. Biosensor responses and oxidative tissue damage analysis suggested that 4 additional 342 

mice in each group would be sufficient to determine statistical significance with sufficient power. This 343 

was indeed the case (see text). We did neither randomize nor blind the experiments. However, image 344 

analysis of stained section was carried out using an automated unbiased approach (see Image Analysis 345 

section). 346 

 347 

Immunohistochemistry 348 

2-3mm thick spleen sections were fixed with fresh 4% paraformaldehyde at 4°C for 4 h, followed by 349 

incubating in increasing sucrose concentrations from 10%-40% at 4°C.  After overnight incubation in 350 

40% sucrose, tissue was rapidly frozen in embedding media (Tissue-Tek® O.C.T; Sakura), left 351 

overnight at -80°C, and then stored at -20°C. Unfixed tissue was immediately frozen in embedding 352 

media, left overnight at -80°C, and then stored at -20°C.  10-14 µm thick cryosections were cut, put on 353 

coated glass cover slips (Thermo Scientific) and dried in a desiccator. After blocking with 1% 354 

blocking reagent (Invitrogen) and 2% mouse serum (Invitrogen) in PBST (0.05% Tween in 1X PBS 355 

pH7.4), sections were stained with primary antibodies (rat anti-CD11b, BD clone M1/70; goat anti-356 

CSA1, KPL 01-91-99-MG, goat anti-4-HNE, Alpha Diagnostics HNE12-S, rabbit anti-357 

myeloperoxidase, abcam 9535, goat anti-8 Hydroxyguanosine abcam 10802; rat F4/80, Serotec clone 358 

CI:A31; rat Ly-6G, BD clone 1A8).  A variety of secondary antibodies were used depending on the 359 

application (Molecular probes; Cat. A-21443; S11225, S21374; A-21206; A11096, D20698, 360 

Invitrogen A31556, Santa CruzBT sc-362245).  For 4-HNE and 8-Hydroxyguanosine (8-OHdG) 361 

stainings, we used unfixed sections and a horseradish peroxidase kit (Molecular probes; Cat: T-20936) 362 

to amplify the signal. Sections were mounted in fluorescence mounting medium (Dako or 363 

Vectashield), and examined with a Zeiss LSM 700 confocal microscope using glycerol 25X, 40X, and 364 

63X objectives. Tiles covering an entire spleen section were stitched together. High resolution images 365 

were obtained with a Zeiss LSM 800 using Airy Scanning. 366 
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 367 

Image Analysis 368 

For quantitative analysis of lipid peroxidation and DNA damage on antibody-stained spleen sections, 369 

we used an unbiased, automated protocol in the bioimage informatics platform icy62. This protocol 370 

was established to minimize the impact of differences in staining intensities between individual 371 

samples. Each image consisted of 3 channels (DAPI, nuclei; 4-HNE, lipid peroxidation or 8-OHdG, 372 

DNA damage; CD11b, infiltrating neutrophils and monocytes). In a first step, the whole tissue area 373 

was segmented using the combined intensities from all three channels. In a next step a threshold was 374 

applied to create a segmentation of red pulp containing CD11bhi cells. The threshold value was set 375 

using Huang's method, which minimizes fuzziness63 to avoid over-segmentation of noisy regions, 376 

especially at segmentation borders. Next the CD11bhi area was subtracted from the whole tissue area 377 

to create a segmentation of white pulp with little CD11b staining. For detecting the proportion of 4-378 

HNEhi (or 8-OHdGhi) pixels in the CD11bhi and CD11blo regions, we used as threshold the sum of the 379 

mean 4-HNE signal over the entire tissue section + 3 times the standard deviation. The staining index 380 

was then determined as the ratio of 4-HNEhi pixels proportions in CD11bhi over CD11blo regions. As a 381 

much simpler alternative, we also used a simple threshold of 100 across all samples, which gave 382 

similar results. 383 

 384 

Flow Cytometry 385 

Spleen homogenates were prepared for flow cytometry as described 9. Relevant spectral parameters of 386 

10,000 to 50,000 Salmonella were recorded in a FACS Fortessa II equipped with 488 nm and 561 nm 387 

lasers (Becton Dickinson), using thresholds on SSC and FSC to exclude electronic noise (channels: 388 

GFP, excitation 488 nm, emission 502-525; mCherry, excitation 561 nm, emission 604-628 nm; 389 

yellow autofluorescence channel, excitation 488 nm, emission 573-613 nm; infrared autofluorescence 390 

channel, excitation 561 nm, emission 750-810 nm). Data processing was done with FlowJo and FCS 391 

Express.392 
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Figure legends 595 

 596 

Fig. 1: Computational model of reactive oxygen species generation and leakage in neutrophil 597 

phagosomes containing Salmonella.  598 

a, Schematic representation of redox reactions and diffusion in neutrophil phagosomes containing 599 

various concentrations of myeloperoxidase (MPO: Cpd, Compound; MP3+, native MPO) and 600 

Salmonella expressing detoxification enzymes (red), as predicted by computational modelling. Only 601 

the most relevant reactions are shown. Thickness of arrows represents reaction rates as shown in the 602 

inbox of the left panel. The star-like patterns represent lethal Salmonella damage caused by H2O2 603 

(blue) or HOCl (orange). b, Predicted generation and leakage of HOCl and H2O2 as final host ROS 604 

products (prior to damage reactions) as a function of MPO concentration. HOCl was predicted to 605 

remain confined exclusively to the phagosome. c, Predicted Salmonella detoxification of H2O2 through 606 

catalase (KatG) and peroxidases (AhpC, Tsa, Tpx). d, Impact of MPO concentration on H2O2 607 

concentrations in the phagosome lumen and the Salmonella cytosol. The blue box and the dashed line 608 

represent cytosolic concentrations above 2 μM that are lethal for Salmonella. e, Representative 609 

micrograph of Salmonella in infected mouse spleen stained for MPO and common Salmonella antigen 610 

(CSA). The lower panel shows a 3-dimensional surface rendering of the confocal stack. The scale bar 611 

represents 2 μm. 612 

 613 

Fig. 2: Reactive oxygen species generation and leakage of human neutrophils in vitro.  614 

a, Kinetics of oxygen consumption,  MPO activity (as measured by luminol oxidation), and 615 

extracellular H2O2 release during Salmonella stimulation of neutrophils from one representative 616 

normal human donor. Means and standard deviations of three technical replicates are shown. b, 617 

Representative leukograms of donors with different levels of  myeloperoxidase activities (MPXI, 618 

mean peroxidase index). For each donor one leukogram was recorded. The red circles contain the 619 

granulocyte populations. The dashed lines separate MPIXI ranges for severe or partial deficiency 620 

and normal values. c, MPO activity and H2O2 release of neutrophils from eight different normal 621 
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donors (black circles), two partially deficient donors (grey), and two severely deficient donors (empty 622 

circles) after 75 min. stimulation with live or heat-killed (HK) Salmonella in presence/absence of the 623 

MPO inhibitor ABAH (AB) or the NADPH oxidase inhibitor DPI (Kruskal-Wallis multiple 624 

comparisons test; *, P< 0.05; **, P< 0.01). d, Relationship between oxygen consumption and H2O2 625 

release in neutrophils stimulated with heat-killed Salmonella for 75 min. Values for wells containing 626 

100’000 neutrophils are shown. e, Relationship between MPO activity and H2O2 release after 75 min. 627 

stimulation with live or heat-killed Salmonella (r, Spearman correlation coefficient).  628 

 629 

Fig. 3: H2O2 exposure of Salmonella in spleen of wild-type and MPO-deficient mice as revealed 630 

by a Salmonella biosensor strain. 631 

a, Salmonella spleen loads in wild-type (B6) and MPO-deficient mice 4 days after infection  (each dot 632 

represents one mouse; t-test on log-transformed data; n.s., not significant). b, Detection of mCherry-633 

expressing Salmonella against a background of preponderant host debris in infected mouse spleen 634 

homogenates using flow cytometry (laser excitation wavelength of 561 nm for the two channels 635 

shown). The dotted box represents the acquisition gate for monitoring GFP expression in Salmonella. 636 

One representative example of eight mice is shown. c, In vitro stimulation of GFP fluorescence after 637 

30 min. incubation with various concentrations of H2O2 (flow cytometry histograms). Representative 638 

data of one of three experiments are shown. d, Representative flow cytometry dot plots of Salmonella 639 

biosensor in spleen homogenates of wild-type (B6) and MPO-deficient mice. The dotted red lines 640 

represent a more stringent gate on mCherry positive Salmonella. The black dashed lines separate 641 

positive biosensor responses (GFPhi) from baseline Salmonella fluorescence. mCherrylo particles were 642 

excluded during data acquisition to avoid excessively large data files. Even in MPO-deficient mice, 643 

more than 95% of Salmonella biosensor cells were still not stimulated at saturating levels based on in 644 

vitro induction dynamics (Fig. 3c). e, Quantification of flow cytometry data as shown in d, (MFI, 645 

mean fluorescence intensity; N = 4, 4; t-test; ***, P< 0.001; **, P< 0.01). f, Localization of GFPhi 646 

biosensor Salmonella in F4/80hi macrophages in the vicinity of CD11bhi neutrophils/inflammatory 647 

monocytes using immunohistochemistry of a spleen cryosection. Representative data for one out of 648 
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four MPO-deficient mice are shown. The scale bar represents 10 μm. g, Quantification of localization 649 

data as shown in (F) (means and standard deviations; N = 4, 4; t-test, P< 0.001). 650 

 651 

Fig. 4: Collateral tissue damage in absence of myeloperoxidase (MPO).  652 

a,  Lipid peroxidation in infected spleen as detected by an antibody to 4-hydroxynonenal (4-HNE). 653 

Spleen cross-sections from wild-type (B6) and MPO-deficient mice imaged at identical microscopy 654 

settings are shown. These images are representative for eight individuals of either genotype. The scale 655 

bar represents 500 μm. The inset shows a representative area at higher magnification from a different 656 

section that was also stained with an antibody to Salmonella-LPS (scale bar 10 μm). b, Nucleoside 657 

oxidative damage as detected by an antibody to 8-hydroxy-2'- deoxyguanosine ((OHdG). These 658 

images are representative for eight individuals of either genotype. The scale bar represents 100 μm. 659 

The inset shows a representative area at higher magnification from a different section that was also 660 

stained with an antibody to Salmonella-LPS (scale bar 10 μm). c, Quantification of Ly-6G staining 661 

(reflecting neutrophil numbers), 4-HNE staining (reflecting lipid oxidation), and OHdG staining 662 

(reflecting DNA damage) in the red pulp (where most Salmonella and CD11bhi host cells resided). 663 

Each dot represents one mouse (Mann-Whitney-U test; ***, P< 0.001; *, P< 0.05). d, Schematic 664 

model for the role of MPO. In MPO-deficient individuals (left), ROS generation in the neutrophil 665 

phagosome lead to high H2O2 (blue) accumulation which kills Salmonella (dotted red line) in the 666 

phagosome. However, most H2O2 leaks out from the phagosome and diffuses through the tissue where 667 

it causes collateral damage (light bolts) and is detected by live Salmonella (red). By contrast, in 668 

normal individuals (right) MPO at the Salmonella surface converts almost all generated ROS 669 

generated into HOCl (orange). HOCl immediately reacts with nearby biomolecules causing lethal 670 

Salmonella damage (large light bolt). Because of this efficient scavenging by MPO, little H2O2 leaks 671 

out from the phagosome resulting in minimal collateral damage under these conditions. 672 
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