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ABSTRACT Streptococcus pneumonide is a serious human respiratory pathogen. It gener-
ates hydrogen peroxide (H,O,) as part of its normal metabolism, yet it lacks enzymes that
remove this oxidant. Here we show that lactoperoxidase and myeloperoxidase, two host
enzymes present in the respiratory tract, convert bacterial H,O, into HOSCN that S. pneu-
moniae can resist. We found that incubation of S. pneumoniae with myeloperoxidase in
chloride-rich buffer killed the bacteria due to formation of toxic hypochlorous acid (HOCI).
However, the addition of physiological concentrations of thiocyanate protected the bacte-
ria. Similarly, S. pneumoniae remained viable in the presence of lactoperoxidase and thio-
cyanate even though the majority of bacterial H,O, was converted to hypothiocyanous
acid (HOSCN). S. pneumoniae and Pseudomonas aeruginosa, another respiratory pathogen,
were similarly sensitive to H,0, and HOCI. In contrast, S. pneumoniae tolerated much
higher doses of HOSCN than P. aeruginosa. When associated with neutrophil extracellular
traps (NETSs), S. pneumoniae continued to generate H,O,, which was converted to HOCI by
myeloperoxidase (MPO) present on NETs. However, there was no loss in bacterial viability
because HOCI was scavenged by the NET proteins. We conclude that at sites of infection,
bacteria will be protected from HOCI by thiocyanate and extracellular proteins including
those associated with NETs. Resistance to HOSCN may give S. pneumoniae a survival
advantage over other pathogenic bacteria. Understanding the mechanisms by which
S. pneumoniae protects itself from HOSCN may reveal novel strategies for limiting the
colonization and pathogenicity of this deadly pathogen.
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treptococcus pneumoniae is a commensal bacterium that colonizes the mucosal surfaces

of the upper respiratory tract in humans. However, migration to other areas in the body
can cause pneumonia, otitis media, sepsis, and meningitis (1). Despite the introduction of con-
jugate vaccines and antibiotic treatment, S. pneumoniae is still a serious threat to human
health. It was identified as one of 12 priority pathogens for research and development of new
treatment strategies by the World Health Organization in 2017 (2).

S. pneumoniae generates large amounts of the oxidant hydrogen peroxide (H,0,) as
part of its normal metabolism (3), but lacks enzymes, such as catalase, that other bacteria
commonly possess to detoxify H,O, (4). As a consequence, H,O, accumulates extracellu-
larly. The quantity of H,O, generated by S. pneumoniae during normal metabolism varies
between bacterial strains (5, 6). H,0, is primarily produced from oxygen and pyruvate by
the enzyme pyruvate oxidase (SpxB) (5, 7). SpxB also helps protect S. pneumoniae from the
deleterious effects of H,0,, potentially by providing ATP to repair H,O,-mediated DNA dam-
age (6). The H,0, produced by S. pneumoniae has been shown to kill or inhibit the
growth of other bacterial species, including Haemophilus influenzae, Neisseria meningiti-
dis, and Moraxella catarrhalis (5, 6), and is thought to provide S. pneumoniae with a sur-
vival advantage in the nasopharynx.
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Lactoperoxidase (LPO), found in biological fluids such as saliva, tears, and airway lining
fluid (8, 9), catalyzes the reaction between H,O, and SCN™~ to form the bacteriostatic and bac-
tericidal oxidant hypothiocyanous acid (HOSCN) (10). HOSCN has a pK, of 4.8 (11); therefore at
physiological pH, the majority will be present as the weaker oxidant OSCN~ (9). In human air-
way secretions, the concentration of LPO and SCN~ is sufficient to generate an antibacterial
effect against the respiratory tract pathogens Pseudomonas aeruginosa, Burkholderia cepacia,
and H. influenzae when supplemented with H,0, (8). As such, during S. pneumoniae coloni-
zation, bacterially produced H,O, and SCN~ in the extracellular milieu will likely be con-
verted to HOSCN by LPO. H,0, is also generated by the dual oxidases of epithelial cells lining
the respiratory tract (12).

Neutrophils provide another source of oxidants during acute bacterial infection. Neutrophil
activation leads to the assembly of an NADPH oxidase complex on the phagosomal or plasma
membrane that converts oxygen into superoxide, which dismutates to H,0, (13). This H,0, is
then used by the neutrophil enzyme myeloperoxidase (MPO) to generate hypochlorous acid
(HOCI) or HOSCN (14). Chloride (CI7) is considered the primary substrate of MPO due to its
high concentration in plasma (100 to 110 mM) (15, 16) compared with thiocyanate (SCN™) (8
to 73 uM) (17-19); however, the substrate specificity of SCN™ is approximately 700 times
higher, meaning that MPO will convert up to half of the H,O, to HOSCN in plasma (14). Higher
concentrations of SCN~ have been reported in lung airway fluid (30 to 650 ©M) (8, 20), making
HOSCN the major product. HOCI can also react rapidly with SCN~ to produce HOSCN (21).

MPO is contained in pre-formed granules and comprises approximately 5% of total neu-
trophil protein (22). The contents of these granules are released intracellularly into the
phagosome upon pathogen phagocytosis, or extracellularly through either degranulation or
neutrophil extracellular trap (NET) release. NETs are comprised of neutrophil DNA and pro-
teins and contain substantial quantities of enzymatically active MPO (23). NET formation can
be induced by pathogens such as bacteria (24) and fungi (25). The severe acute respiratory
syndrome coronavirus-2 (SARS-CoV-2), causing Coronavirus Disease 2019 (COVID-19), has
been shown to activate the release of NETs from human neutrophils (26, 27), which can pro-
mote lung epithelial damage in vitro (26). NET formation has also been induced by the cap-
sule of S. pneumoniae in a murine model of pneumonia (28). Therefore, in the airway it can
be expected that S. pneumoniae will be exposed to NETs, and in turn, HOCI and HOSCN,
even when they are not phagocytosed by neutrophils.

In this study, we have investigated how H,0, production by S. pneumoniae affects
the viability of these bacteria, especially when heme peroxidases and their substrates
are present in the inflammatory complex milieu. We report that S. pneumoniae gener-
ate H,O, while on NETs and it is converted to HOCI via NET-associated MPO. We found
that the antibacterial activity of HOCI is limited by the presence of physiological con-
centrations of SCN~ and NET proteins, and that S. pneumoniae is significantly more re-
sistant to HOSCN than another respiratory tract pathogen P. aeruginosa.

RESULTS

S. pneumoniae produce high levels of H,0, in buffer and on NETSs. S. pneumoniae
are known to generate high levels of H,O, as a part of their normal metabolism, with H,0,
generation varying between strains (5, 6). Here, we measured the rates of H,O, production by
log-phase S. pneumoniae strains SP264, D39, CIP 104340, and a lung clinical isolate (LU1),
which ranged from 0.40 to 0.68 nmol/min/107 bacteria (Table 1). We then incubated

TABLE 1 H,0, produced in 30 min by the S. pneumoniae strains used in this study“®

Strain Serotype H,0, rate per minute (hmol/107 bacteria = SEM) Total H,0,
SP264 23F 0.60 + 0.05 184 £1.3
D39 2 0.40 = 0.04 126 1.3
LU1 Unknown 0.68 = 0.12 19.8 =34
CIP 104340 19F 0.58 + 0.08 17.7 £23

aResults are from three independent experiments.
bNo significant difference in H,0, production between strains was identified (one-way ANOVA, P = 0.16).
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TABLE 2 S. pneumoniae SP264 oxidant production over 30 min in the presence and absence
of NETs®

Oxidant Condition Total oxidant (hmol/107 bacteria = SEM)
H,0, — NETs 16.02 + 4.43

+ NETs 14.04 = 3.47
HOCI — NETs (no MPO) 031 +0.13

+ NETs 9.77 £ 1.60

aResults are from four independent experiments.
bSignificance between conditions was tested with a two-tailed unpaired t test (H,0, rate, P = 0.74; HOCl rate, P < 0.01).

S. pneumoniae SP264 with NETs to determine whether bacterially produced H,O,
rates differ when in the presence of NET-associated MPO (Table 2). Interestingly, the
H,O, generated by S. pneumoniae did not differ significantly when the bacteria were
incubated in the presence or absence of NETs (P = 0.59).

To quantify H,O, production, an Amplex UltraRed assay was used. A function of this assay
is to remove H,0, from the system through a reaction with horseradish peroxidase (HRP),
forming a colored product. However, the removal of H,0, could potentially interfere with bac-
terial feedback inhibition mechanisms that would function in vivo. To check this and verify the
applicability of our assay, the reaction mixture containing horseradish peroxidase was added
to the bacteria in the absence of NETs after 30 min and compared with its addition at time O,
our usual assay condition. We found that the timing of the reaction mixture addition did not
affect H,O, measurements (Fig. 1A), indicating that there is no significant feedback inhibition
mechanism acting in our assay and showing that H,O, is not consumed by the bacteria.
When tested with bacteria on NETs there was an absence of H,0, in the buffer after the first
30-min period, consistent with H,0O, utilization by MPO (Fig. 1B).

S. pneumoniae are killed by HOCI generated by MPO from bacterially produced
H,0,. The addition of 10 nM MPO to bacteria in HBSS containing 145 mM Cl~ resulted
in the production of 6.4 = 0.7 nmol of HOCI/107 bacteria, which is a conversion of
approximately 20% of the H,0, generated in that time (Fig. 2A). The addition of cata-
lase, methionine, or 4-Aminobenzoic acid hydrazide (ABAH) reduced HOCI generation to
control levels. In this system, there was nearly complete bacterial killing within 30 min (Fig.
2B). Surprisingly, the addition of only 20 uM SCN~ was sufficient to completely protect S.
pneumoniae from HOCI dependent killing (Fig. 2C). Therefore, despite being an effective
antimicrobial agent on its own, HOCI will be rendered less effective by the presence of phys-
iological levels of SCN™.

As the MPO experiments suggested that S. pneumoniae can withstand at least 20 uM
HOSCN without impacting bacterial survival, we examined bacterial survival with LPO,
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FIG 1 S. pneumoniae H,0, production in the presence and absence of NETs. Amplex UltraRed oxidation of S.
pneumoniae SP264 (1 x 107/mL) over 60 min in HBSS in the absence (A) or presence (B) of NETs (from 1 x 10°
neutrophils/mL). Amplex UltraRed reaction mixture was added at 0 min (closed squares) or 30 min (open
squares). Values are the mean = SEM of three independent experiments.
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FIG 2 Oxidant generation and S. pneumoniae survival after incubation with mammalian peroxidases and their
substrates. Symbol shapes designate independent experiments. Bacterial survival is reported relative to untreated
controls. (A) HOCI generation in HBSS with S. pneumoniae SP264 (5 x 107/mL) and 10 nM MPO with and without
catalase (20 wg/mL), methionine (10 wM), and ABAH (10 uM) as quantified by taurine chloramine assay. (B) S.
pneumoniae SP264 (5 x 107/mL) survival when incubated with 5 nM MPO compared with control for up to
30 min. (C) S. pneumoniae SP264 (5 x 107/mL) survival in HBSS containing 10 nM MPO and 2 to 20 uM SCN~ for
30 min. (D) S. pneumoniae D39 (5 x 107/mL) survival with or without 10 nM LPO at pH 6.8 + 800 uM SCN~ or
100 uM I~ after 30 min. A to D values are the mean * SEM of 3 to 4 independent experiments, as designated
by the symbols in A, C, and D. A, B, and D significant differences were identified using an unpaired one-way
ANOVA with Dunnet’s (A and B) or Tukey's (D) multiple comparisons tests. Significance between 2 and 20 uM
SCN™ in C was identified using an unpaired, two-way t test. Significance of **** indicates P < 0.0001.

which cannot generate HOCL. In this experiment, S. pneumoniae strain D39 would have
generated approximately 60 M H,0,, based on H,O, measurements (Table 1), which would
be converted to approximately 60 M HOSCN by LPO. Similar to what was seen in the MPO
experiment (Fig. 2C), no bacterial killing was observed in the presence of the LPO-SCN~-
H,O, system (Fig. 2D). In contrast, bacterial killing was observed when the bacteria were
incubated with LPO + |-, indicating that the bacteria were generating H,O, and the enzyme
was functional and produced bactericidal hypoiodous acid (HOI).

S. pneumoniae survival is not affected by high doses of HOSCN. We measured S.
pneumoniae survival on exposure to oxidants using strains SP264 and D39 to deter-
mine relative oxidant sensitivities. As the bacteria generate high concentrations of
H,0, (3) but lack the enzymes to detoxify it effectively (4), we first examined the sensi-
tivity of S. pneumoniae to exogenous H,0,. We also tested the sensitivity of another re-
spiratory bacterium, P. aeruginosa (strain PAOT) for comparison (Fig. 3A). Both S. pneu-
moniae strains and P. aeruginosa were similarly sensitive to a bolus of H,0..

Next, we examined bacterial sensitivity to HOCl and HOSCN. Both S. pneumoniae
strains and P. aeruginosa were killed at relatively low doses of HOCI, with 1 nmol of HOCI/107
bacteria killing > 95% of all strains tested (Fig. 3B). This is consistent with previous obser-
vations for Klebsiella pneumoniae, Escherichia coli, Staphylococcus aureus, P. aeruginosa, and B.
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FIG 3 Sensitivity of S. pneumoniae and P. aeruginosa to H,0,, HOCI, and HOSCN. Strains are shown as S. pneumoniae SP264
(purple, circles), D39 (green, squares), Lul (orange, hexagons), Lu4 (pink, diamonds), and P. aeruginosa PAO1 (blue, inverted
triangles, dotted line). Bacterial survival was assessed by plate counts, with treated samples compared to untreated controls.
(A) S. pneumoniae (5 x 107/mL) and P. geruginosa (5 x 107/mL) were incubated with increasing concentrations of H,O, for
30 min. (B) S. pneumoniae (1 x 10°/mL) and P. aeruginosa (1 x 108/mL) were incubated with increasing concentrations of HOCI
for 15 min. (C) S. pneumoniae (2.5 x 10°/mL) and P. aeruginosa (2.5 x 10°/mL) where incubated with increasing concentrations of
HOSCN for 30 min. (D) S. pneumoniae SP264 (2.5 x 10°/mL) recovery following treatment with = 0.8 mM HOSCN for 30 min. (E)
The concentration of HOSCN present in the buffer of S. pneumoniae (SP264, 5 x 10°/mL), P. aeruginosa (5 x 10°/mL), and buffer
alone (HBSS) were measured in 15-min intervals for 30 min. Values are the mean * SEM of at least three independent
experiments. A to C are fitted with [oxidant] versus normalized response - variable slope curves with top values constrained to
100 and bottom values constrained to 0. A to C significance was tested using a one-way ANOVA with Tukey's multiple-
comparison test at each dose, indicated by * P < 0.05, ** P < 0.01, **** P < 0.0001. D to E significance was tested using a two-
way ANOVA with Sidék's (D) or Dunnett’s (E) multiple comparisons tests, with matched values stacked into a sub-column, indicated
by * P < 0.05.

cepacia (29-32). S. pneumoniae were more resistant to low doses of HOCI than P. aeruginosa
with statistically significant differences in survival between S. pneumoniae strains and P. aerugi-
nosa at several concentrations (0.4, 0.6, and 0.8 nmol/107 bacteria for SP264 versus PAO1 and
0.4 nmol for D39 versus PAO1) (Fig. 3B). HOCI is highly reactive and when used at low
concentrations, significant proportions are lost in buffer alone. Therefore, we used higher
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TABLE 3 LC/LD,, for killing of S. pneumoniae and P. aeruginosa by H,0,, HOCI, and HOSCN

Value (95% confidence interval)

Strain H,0, (mM) HOCI (hmol/107 bacteria) HOSCN (mM)
S. pneumoniae SP264 3.80 (3.34,4.34) 0.57 (0.52,0.63) >0.8

S. pneumoniae D39 3.74 (3.40,4.12) 0.47 (0.42,0.52) >0.8

P. aeruginosa PAO1 5.28 (4.44,6.20) 0.30(0.27,0.33) 0.21(0.17,0.26)

concentrations and increased bacterial density accordingly. Rapid consumption means
that HOCI levels are expressed as a dose.

In contrast, S. pneumoniae were significantly more resistant to HOSCN than P. aeruginosa
(Fig. 3Q). Four strains of S. pneumoniae were treated with HOSCN; SP264, D39, and two clinical
lung isolates Lul and Lu4. While P. aeruginosa was killed in a dose-dependent manner, with
an LC, of 0.21 mM, the highest concentration tested 0.8 mM had no significant impact on
the viability of any of the four S. pneumoniae strains after 30 min. The dose of HOSCN used
was limited by the concentration of HOSCN able to be generated, as such, bacterial concentra-
tions in this experiment were lowered to increase oxidant dose per bacterium. A control using
decomposed HOSCN confirmed that killing of PAO1 was due to HOSCN, not a stable decom-
position product (data not shown). To test whether there was a bacteriostatic effect under
these conditions, bacteria were added to BHI media and bacterial growth was tracked for 20 h
following HOSCN incubation (Fig. 3D). No difference in bacterial growth between treated and
control bacteria was observed.

As S. pneumoniae were highly resistant to HOSCN-mediated killing and a bacterio-
static effect was not observed, we investigated whether S. pneumoniae were metabolizing
HOSCN faster than P. aeruginosa. Under the conditions tested, HOSCN consumption by either
species was not different compared with that in buffer alone (Fig. 3E). This lack of HOSCN con-
sumption is similar to the inability of S. pneumoniae to consume H,0, (Fig. 1), and is the reason
why we report LCy, values for H,0, and HOSCN (Table 3).

S. pneumoniae produce H,0, but remain viable in the presence of NETs. To monitor
the interaction of S. pneumoniae with NETs, we fluorescein-5-isothiocyanate (FITC)-labeled
S. pneumoniae SP264 and incubated them with pre-formed NETs. The sample was fixed
and labeled with an antibody for MPO and DNA was stained with Hoechst. Bacteria were
co-localized with strands of released DNA on which MPO was present (Fig. 4).

We examined the survival of S. pneumoniae in the presence of NETs by incubating
SP264 for 60 min with neutrophils that had formed NETSs. No loss of bacterial viability was
observed in the presence of NETs compared with buffer alone (1.4 x 107 = 1.9 x 106 vs
1.0 x 107 £ 1.4 x 10° CFU/mL, respectively, P = 0.12).

Endonuclease activity has been reported for several strains of S. pneumoniae, enabling
them to escape from NETs and in turn survive NET-mediated killing (33, 34). Our early micros-
copy data indicated that S. pneumoniae SP264 does not degrade NETs. To examine this fur-
ther, SP264 was incubated for 30 min with pre-formed NETs. The cell impermeable DNA dye
Sytox green was used to compare NETSs in the presence of bacteria to that of NETs alone. No
significant difference in relative fluorescence units between NET samples with or without bac-
teria was observed (945.1 £ 221.3 vs 1047 = 282.5 RFU, respectively, P = 0.8), indicating that
strain SP264 does not possess the ability to degrade NETs. The addition of DNase in a single
positive control experiment abolished the fluorescence signal (data not shown).

As the bacteria were localized on, and not degrading NETs, we assessed the ability of
NET-associated MPO to generate HOCI from bacterially produced H,0, using a taurine chlor-
amine assay. In the presence of NETSs, S. pneumoniae produced 14.04 + 3.47 nmol of H,0,/10”
bacteria on NETs and generated 9.77 = 1.60 nmol of HOCI/107 bacteria (Table 2). The addition
of catalase, methionine, or ABAH to bacteria associated with NETs significantly reduced HOCI
generation to control levels (data not shown).

NETs protect S. pneumoniae from bactericidal levels of HOCI. Given that HOC| was
generated when S. pneumoniae were associated with NETSs, yet no loss in viability was
observed, we considered that NETs may protect S. pneumoniae against secondary oxidants.
Due to its highly reactive nature, the generated HOCI will likely react with NETs and neutrophil
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FIG 4 S. pneumoniae SP264 co-localize with MPO on NETs. Neutrophils (1 x 10%/mL) were stimulated
on glass coverslips with 20 nM PMA to form NETs. After 4 h, FITC-labeled S. pneumoniae SP264
(2 x 107/mL) were added to NETs and co-incubated for 60 min. Cells were fixed, permeabilized, and
then immunolabelled with an antibody to MPO and DNA-stained. (A) FITC-labeled S. pneumoniae
SP264 (green), (B) Hoechst 33342-stained DNA (blue), (C) antibody-labeled MPO (red), and (D) overlay
of images A to C. Arrows show co-localization of bacteria, NETs, and MPO. Scale bars are 20 um.
Images are representative of two independent experiments and 10 fields of view.

debris before reaching the bacteria. To examine this further, the survival of SP264 associated
with NETs was examined when exogenous HOCl was added. A much greater concentration of
HOCI was needed to generate a killing response when associated with NETs, compared to
when in PBS alone (Fig. 5). The LDy, for HOCI when SP264 were associated with NETs was
43.82 nmol/107 bacteria, 77-fold higher than the LDs, in PBS alone (0.57 nmol/107 bacteria).
This result indicates that HOC| generated while S. pneumoniae are adherent to NETs will be an
ineffective bactericidal agent because it is scavenged by extracellular proteins.
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FIG 5 S. pneumoniae SP264 survival on NETs when exposed to exogenous HOCI. S. pneumoniae SP264
(1 x 10%/mL) were added to NETs (from 1 x 10° neutrophils/mL) then treated with increasing doses of HOCI.
Bacterial viability was assessed after 5 min. Results are the mean * SEM of three independent experiments

fitted with a [HOCI] versus normalized response - variable slope curve.
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DISCUSSION

Research into the oxidative stress response of S. pneumoniae has focused on its ability to
generate and resist high concentrations of H,0, (5-7). The role played by the secondary oxi-
dants HOCl and HOSCN, that will be generated by host heme enzymes at S. pneumoniae
infection sites, has been largely overlooked. In the present study, we investigated the ability
of S. pneumoniae to survive exposure to these oxidants added in a bolus or generated by
MPO and LPO systems. S. pneumoniae were killed readily upon incubation with free MPO in
chloride-containing buffer. However, if physiological levels of SCN~ were added to the sys-
tem or the MPO was associated with NETs, bacterial survival was significantly improved.

The rate of H,O, production of S. pneumoniae ranged from 0.40 to 0.68 nmol/min/10”
bacteria among the four strains tested. When adjusted for size, this is approximately a third
of the rate at which neutrophils produce H,0O, to kill bacteria. It has been proposed that the
H,O, generated by S. pneumoniae allows them to outcompete surrounding bacteria (5).
Here, we found that S. pneumoniae and P. aeruginosa responded similarly to H,O, exposure,
but differed in their susceptibility to oxidants derived from H,0, We therefore contend that,
in addition to resisting H,O, itself, defenses against these secondary oxidants may give S.
pheumoniae a survival advantage.

Concentrations of SCN™ in the lung airway fluid have been reported to reach up to
650 uM (8). As such, HOSCN will be the main oxidant which S. pneumoniae are exposed to in
the lungs. Here, we found that S. pneumoniae are resistant to HOSCN. HOSCN-mediated killing
has been previously examined in oral bacteria from the Streptococcus genus (35-41). In many
of these strains, HOSCN protected the bacteria from H,O,- or HOCl-mediated killing (35, 36,
39, 41). The formation of HOSCN is also thought to have a protective effect on mammalian
cells through the removal of harmful H,O, and HOCI (42-44). Tenovuo et al. (35) examined
the viability of Streptococcus mutans in the presence of LPO-SCN~-H,0,, MPO-SCN~-H,0, and
MPO-CI~-H,0, systems. While the MPO-CI~-H,0, system killed S. mutans at normal salivary
concentrations of Cl~, the addition of SCN~ at normal salivary concentrations protected the
bacteria. Additionally, both the LPO-SCN~-H,0, and MPO-SCN~-H,0, systems did not affect
bacterial viability. These findings are consistent with our data for both S. pneumoniae HOSCN
resistance and the sensitivity to MPO-CI~-H,0, but not LPO-SCN—-H,0, or MPO-SCN~-H,0,
systems. In contrast, Gingerich et al. (45) reported killing of S. pneumoniae by HOSCN when
using a LPO-SCN~-H,0, system with a long incubation period. It is possible that altering exper-
imental conditions such as substrate availability or increasing oxidant exposure time, could
result in bacterial killing.

The protection of S. pneumoniae by low concentrations of SCN~ in our MPO-Cl—-
H,0, experiment was greater than we expected. Based on H,0, measurements, up to
100 uM H,0, could be generated over this time (not accounting for the loss of bacte-
rial viability). If HOSCN was formed from all of the SCN~ added, this accounts for 20
1M potential H,0,, leaving another 80 M that could be converted to HOCI (16 nmol/
107 bacteria). This far greater than the 1.3 nmol/107 bacteria required for complete bac-
terial killing. It therefore appears that another mechanism is providing a survival
advantage to the bacteria. This could involve HOSCN inhibiting MPO by converting it
to inactive compound Il (46) or scavenging HOCI (47). In addition, when HOSCN reacts
with thiols to form sulfenic acids, SCN~ will be regenerated (48) so that it can act cata-
lytically in the system rather than stoichiometrically.

The level of SCN™ present in bodily fluids has been shown to vary significantly with
dietary and smoking choices, with increased SCN~ concentrations reported in smokers
(17-19). Studies investigating the risk of respiratory tract and ear infections have reported an
increased risk of infection in individuals who smoke actively or passively (49-53). Indeed,
smoking is a leading risk factor for pneumococcal disease (49, 50). Increased carriage of S.
pneumoniae in children with smoking mothers and the mothers themselves has also been
reported (54). While cigarettes contain far more than just SCN—, the resistance of S. pneumo-
niae to HOSCN may contribute to the increased prevalence of infections reported.

During infection, neutrophils are recruited to infection sites where they employ both
oxidative and non-oxidative mechanisms to kill invading organisms upon ingestion or
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degranulation (55, 56). An additional method employed by neutrophils is the formation
of NETs, comprised of neutrophil DNA and proteins that can trap invasive organisms,
and are thought to contribute to neutrophil antimicrobial activity (57). We found that S.
pneumoniae viability and H,0, production are unaffected by NETSs, even though the NETs
contain MPO which generated HOCI. The HOCI generated from bacterially produced H,O,
would be sufficient for bacterial killing in buffer alone, but in the presence of NETS, significantly
higher concentrations were required. In fact, the LD, for HOCl was 77-fold higher when bacte-
ria were exposed on NETs than when bacteria were exposed in PBS.

While S. pneumoniae remained viable on NETSs, bacterial killing on NETs has previously
been reported with S. aureus (23). As S. aureus does not generate H,0,, the addition of
H,O, was required to generate a response. NET killing was reduced when ABAH or methio-
nine was added, suggesting that the kiling was through MPO generation of HOCI.
However, much higher concentrations of HOCl would have been made in their system
(=1,000 nmol/107 bacteria, assuming that the H,0, added was converted to HOCl at a 1:1
ratio by MPO) than what was generated in our experiment (=57 nmol/10” bacteria). The
LD, of S. aureus in their experiment was more than 870-fold higher than what is required
when S. aureus are exposed to HOCI in HBSS buffer alone (31, 58). In both systems, with ei-
ther S. pneumoniae or S. aureus associated with NETSs, a far greater concentration of HOCI
was required to observe bacterial killing than in buffer alone. This suggests that the HOCI
in the NET system is highly reactive and oxidants are being scavenged by NET material
before reaching the trapped bacteria. As such, HOCI appears to be an ineffective bacteri-
cidal agent when bacteria are associated with NETSs.

This study identifies the importance of the oxidant HOSCN in S. pneumoniae infections.
While S. pneumoniae are sensitive to HOCl-mediated killing in buffer, they are resistant to
HOSCN-mediated killing and can survive H,0, and HOCI generation while associated with
NETs. As SCN~ is present in biological fluids along with the peroxidase enzymes LPO and
MPO, HOSCN will be generated at infection sites from available H,O,. We conclude that the
real competitive advantage of S. pneumoniae in this niche is its ability to resist the effects of
HOSCN. An investigation into the protective strategies employed by S. pneumoniae against
HOSCN may therefore reveal novel antimicrobial strategies for this deadly pathogen.

MATERIALS AND METHODS

Reagents. Hanks’ balanced salt solution (HBSS) with sodium bicarbonate and without phenol red,
phosphate-buffered saline (PBS), LPO from bovine milk (e,,, = 112,000 M~" cm™~" [59]), horseradish per-
oxidase type IV, catalase from bovine liver, phorbol 12-myristate 13-acetate (PMA), paraformaldehyde,
Tween 20, monosodium phosphate (NaH,PO,), disodium phosphate (Na,HPO,), sodium iodide, sodium
acetate, sodium thiocyanate, diphenyleneiodonium chloride (DPI), potassium hydroxide (KOH), taurine,
4-(2-hydroxyethyl) piperazine-1-ethanesulfonic acid (HEPES), fetal bovine serum (FBS) (heat inactivated at 56°C)
trypan blue, ethylenediaminetetraacetic acid (EDTA), .-methionine, and DNase | were purchased from Sigma-
Aldrich (Merck, Darmstadt, Germany). MPO from human neutrophils (EC 1.11.2.2) was obtained from Planta
Natural Products (Vienna, Austria) (€,;, = 89,000 M~' cm™' per heme [60]). 4-Aminobenzoic acid hydrazide
(ABAH) was from Fluka Chemicals (Buchs, Germany). Triton X-100 was purchased from Bio-Rad laboratories
(Hercules, USA). Sytox Green and fluorescein-5-isothiocyanate (FITC) were from Molecular Probes (Eugene, USA).
Amplex UltraRed and Hoechst 33342 were from Invitrogen (Waltham, MA, USA). Goat anti-rabbit Alexa Fluor
DyLight 594 was from Abcam (Cambridge, UK) and polyclonal RAMPO (rabbit anti-human MPO) antibody was
produced in-house (Christchurch, New Zealand), as described by Khalilova et al. (61). Hydrogen peroxide (30%)
(H,0, 50 = 436 M~ cm™' [62]) and 3,3’ ,55'-tetramethylbenzidine (TMB) were from LabServ (Melbourne,
Australia) and Fluka (Munich, Germany), respectively. Hypochlorous acid (HOC, £,5, =350 M~" cm ™" for OCI~
at pH 12 [63]) was purchased as a chlorine bleach solution from Household and Body Care (Auckland, New
Zealand). Potassium iodide (I7) was from J.T. Baker Chemical Co. (Phillipsburg, USA). Roswell Park Memorial
Institute medium (RPMI) without phenol red, and bovine serum albumin (BSA) were from Gibco (Waltham,
USA). Heparin (5000 U/mL) was from Pfizer Inc. (New York City, USA) and dextran (M, 200,000 to
300,000 Da) was from MP Biomedicals Inc. (Santa Ana, USA). Ficoll and endotoxin-free water were from GE
Healthcare (Chicago, USA) and Fluoromount-G was from eBioscience (San Diego, USA). TNB (2-nitro-5-thio-
benzoate) was prepared from 5,5'-dithiobis-(2-nitrobenzoic acid) (DTNB, Sigma-Aldrich) through alkaline hy-
drolysis as described previously (11).

Bacterial culture and processing. S. pneumoniae strain SP264, serotype 23F, (ATCC 700669) was
obtained from the New Zealand reference culture collection. Strain D39, serotype 2, (NCTC 7466) was a
kind gift from James Paton (University of Adelaide), who obtained it from the National Collection of
Type Cultures (UK). Clinical isolate strains from patient’s lungs (Lul and Lu4) were obtained from
Canterbury Health Laboratories (New Zealand). Strain CIP 104340 (ATCC 49619) and P. aeruginosa strain
PAO1 (ATCC 47085) were obtained from the American Type Culture Collection (USA).
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Bacteria were routinely cultured on Columbian sheep blood agar plates (Fort Richard Laboratories,
Auckland, New Zealand). For experiments, S. pneumoniae were grown overnight (16 h to18 h) at 37°C
with 5% CO, without shaking in Brain Heart Infusion (BHI) media (Oxoid, Thermo Fisher Scientific,
Waltham, USA), then diluted in fresh media and grown to log-phase (A,,, of 0.4 to 0.7). P. aeruginosa
were grown to stationary phase overnight at 37°C with shaking (200 rpm) in lysogeny broth (Millers,
Thermo Fisher Scientific, Waltham, USA). Bacteria were washed twice in PBS (12,000 x g, 5 min) and sus-
pended in HBSS. P. aeruginosa were subjected to an additional slow spin (100 x g, 5 min) to remove biofilm
and bacterial aggregates from the suspension. The bacterial concentration was determined by absorbance
measurements (A, for S. pneumoniae, A, for P. aeruginosa) using previously determined values from a stand-
ard curve.

S. pneumoniae H,0, production. H,0, production for each S. pneumoniae strain was determined
using an Amplex UltraRed fluorometric assay based on the method described by Mishin et al. (64), where
in the presence of horseradish peroxidase, H,0, oxidizes Amplex UltraRed to the fluorescent compound
resorufin. Fluorescence detection by a plate reader and subsequent analysis against standards allows for
H,0, production over time to be calculated. Bacteria were diluted to approximately 1 x 10’/mL and
added to a clear 96-well plate alongside an H,0, standard curve with a concentration range from 0 to
40 uM H,0,. Amplex UltraRed (100 «M) and horseradish peroxidase (200 mU/mL) were added to phos-
phate buffer (50 mM phosphate, pH 7.4) and added at a 1:1 ratio to bacteria/H,O, standard wells. A
PolarStar Galaxy (BMG Labtech, Ortenberg, Germany) plate reader or a BioTek Synergy™ Neo2 Hybrid
Multi-Mode Microplate Reader (Winooski, VT, USA) were used to measure fluorescence at 37°C with fluo-
rescence readings taken every 2 min (Ex/Em 544/590 nm or Ex/Em 530/590, respectively) for 30 min.
Bacteria from the same stock sample were serially diluted, plated, and counted the following day to
determine the bacterial concentration in each assay.

Neutrophil isolation. Neutrophil isolation was carried out under sterile conditions using endotoxin-
free solutions using an adapted method by Nauseef et al. (65). Fresh venous blood was collected from
healthy volunteers with informed consent, approved by the Southern Health and Disability Ethics
Committee NZ (URA/06/12/083) and mixed with heparin (10 U/mL). Our studies abide by the Declaration of
Helsinki principles. Briefly, blood was diluted by one third with PBS, then dextran (1%) sedimentation was used
to isolate white blood cells which were separated by density gradient centrifugation in Ficoll. The remaining
red blood cells were removed by water lysis and the resulting neutrophil pellet was suspended in RPMI con-
taining 2% FBS and 10 mM HEPES. Neutrophil purity (=95%) was assessed by flow cytometry using a
Cytomics FC 500 (Beckman Coulter Inc,, USA). The concentration and viability of the neutrophils were calcu-
lated by hemocytometer counts and trypan blue-exclusion, respectively.

Formation of NETs with PMA. To prepare NETs, neutrophils (1 x 10%/mL) were stimulated with
PMA (20 nM) then immediately added to a 12-, 24-, or 96-well plate and incubated at 37°C with 5% CO,
for 4 h. After incubation, the plates were centrifuged (200 x g, 10 min) before the media was carefully
removed and replaced with bacterial samples in HBSS, then centrifuged (800 x g, 5 min) and incubated.

Assessing NET formation. The cell-impermeable DNA-binding dye Sytox Green was used to assess
NET formation. PMA-stimulated neutrophils, an unstimulated control, and a medium only blank were added to
a black 96-well plate and incubated for 4 h at 37°C with 5% CO.. Following incubation, Sytox Green (3 M)
was added to all wells and incubated for 5 min. Fluorescence was read in a PolarStar Galaxy plate reader (Ex/
Em 485/520 nm). Media fluorescence values were subtracted from all sample wells.

H,0, production by S. pneumoniae when associated with NETs. S. pneumoniae (1 x 107/mL) were
added to pre-formed NETs in a clear 96-well plate and H,O, production was measured by Amplex
UltraRed as described above. In some wells, the Amplex UltraRed reaction mix was added after 30 min, not
straight away. To prevent neutrophil generated H,O, from contributing to the observed fluorescence, 10 uM
DPI was added.

Immunofluorescence microscopy of NETs- and FITC-labeled S. pneumoniae. Neutrophils were
stimulated to form NETs with PMA (20 nM) on glass coverslips in a 24-well plate. S. pneumoniae were
washed and suspended in 0.1 M sodium carbonate buffer. FITC (11 ©M) was added to the bacteria and
incubated in the dark for 30 min with end-over-end rotation. Labeled bacteria were then washed twice,
diluted to 2 x 107/mL in HBSS and added to NETs. The plate was then incubated for 1 h at 37°C with 5%
CO,. After incubation, the plate was centrifuged (500 x g, 5 min).

Cells were fixed in paraformaldehyde (4%) at 20 to 22°C for 20 min, coverslips were washed in PBS,
and the cells were permeabilized by incubating in 0.5% Triton X-100 for 5 min. After washing, samples
were blocked overnight with 10% BSA in PBS with 0.2% Tween 20 (PBST), then incubated with primary
antibody (polyclonal rabbit anti-MPO, RAMPO), diluted 1 in 10 with 1% BSA in PBST for 1 h at 37°C or
overnight at 4°C. Secondary antibody only controls were incubated in diluent alone without RAMPO. Samples
were washed with PBST, then incubated with secondary antibody (goat anti-rabbit Alexa Fluor DyLight 594,
diluted 1 in 5,000 with 1% BSA in PBST) for 1 h at 37°C or overnight at 4°C. After washes in PBST, samples were
stained with Hoechst (10 wg/mL) for 5 min, washed with MilliQ water and mounted in Fluoromount-G.
Samples were viewed on a Zeiss Axio Imager wide-field fluorescence microscope (Jena, Germany). Images
were taken in DAPI, FITC, and Cy3 channels. Zen Blue software (Zeiss) was used to capture and process images.
To better observe NETs, the gamma factor was changed from 1 to 0.45, which is recommended for dim struc-
tures to allow clear visualization without oversaturation of bright features (66).

Survival of S. pneumoniae in the presence of NETs. S. pneumoniae (1 x 10’/mL) were added to
pre-formed NETs in a 12-well plate and incubated for 1 h at 37°C with 5% CO,. DNase | (final concentration 100
U) was added to each well for 10 min at 37°C to degrade the NETs and release the bacteria. The reaction was
stopped with EDTA (5 mM). Surviving bacteria were harvested by gentle scraping, then centrifuged (150 x g,
5 min) to pellet neutrophils. All samples were serially diluted in PBS, plated, and counted the following day.
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S. pneumoniae NET-degradation activity. The NET-degradation activity of S. pneumoniae was
measured by a Sytox green plate assay. NETs were pre-formed and incubated in the presence or absence
of 1 x 107/mL S. pneumoniae for 30 min. Sytox Green (3 ©M) was added and fluorescence was measured.
NET degradation was determined by a decrease in relative fluorescence units.

HOCI generation in the presence of S. pneumoniae and MPO. A taurine chloramine assay was
used to quantify HOCI generation based on the methods described by Kettle and Winterbourn (67)
and Dypbukt et al. (68). TMB was used as the assay developer, which changes from colorless to blue
upon oxidation. Bacteria were diluted to 5 x 107/mL and incubated in HBSS containing 5 mM taurine
with or without 10 nM MPO for 30 min with end-over-end rotation at 37°C. Control treatments con-
tained bacteria with either catalase (20 wg/mL), methionine (10 wM), or ABAH (10 wM). After incuba-
tion, samples were centrifuged (12,000 x g, 5 min) and supernatants (200 ulL) transferred to a clear
96-well plate alongside taurine chloramine standards. TMB developer (1 mM TMB, 100 uM sodium
jodide in 200 mM sodium acetate buffer, pH 5.4) was made and immediately added to each well to
give a final concentration of 20 nM TMB. After 10 min at 20 to 22°C, the absorbance was read on ei-
ther a VarioSkan Flash (Thermo Fisher Scientific) or MultiSkan Go (Thermo Fisher Scientific) plate
reader at A, The concentration of taurine chloramine in the samples was determined from the
standard curve.

To measure HOCI generation when S. pneumoniae were incubated with NETs, S. pneumoniae
(5 x 107/mL) were added to pre-formed NETs in 24-well plates in HBSS containing 5 mM taurine and incu-
bated for 30 min at 37°C with 5% CO.,. After incubation, the protocol was performed as without NETSs.

MPO-mediated killing of S. pneumoniae. Bacteria were diluted to 5 x 107/mL in HBSS. MPO (5 nM)
was added and incubated at 37°C with 5% CO, for up to 30 min. A sample was taken at time zero and
after every 5 min. Each sample was immediately serially diluted in PBS containing methionine (1 mM),
plated, and counted the following day. A sample without MPO was used as a control. In additional
experiments, SCN™ was added at varying concentrations (2 to 20 uM) with 10 nM MPO. A sample with
2 M SCN™~ without MPO was used as an SCN™~ control.

LPO-mediated killing of S. pneumoniae. Bacteria were diluted to 5 x 10’/mL in HBSS, pH 6.8
before adding LPO to a final concentration of 10 nM, in the presence or absence of 800 uM SCN~ or
100 M I, Samples with SCN~ or I~ alone were used as controls. After 30 min incubation at 37°C + 5%
CO,, each sample was serially diluted in PBS, plated, and counted the following day.

S. pneumoniae and P. aeruginosa H,0, sensitivity. Bacteria were diluted to 5 x 107/mL in HBSS
before adding H,0, (2.5 to 25 mM). A catalase (20 wg/mL) control with 25 mM H,0, was also included.
Each sample was incubated for 30 min with end-over-end rotation at 37°C. After incubation, catalase
(20 wg/mL) was added to remove any remaining H,0,. Each sample was serially diluted, plated, and
counted the following day.

S. pneumoniae and P. aeruginosa HOCI sensitivity. Bacteria were diluted to 1 x 10%/mL (SP264
and D39) or 1 x 108/mL (PAO1) in PBS then warmed at 37°C for 10 min. A fresh 10 mM HOCI stock in
PBS was used to make HOCI dilutions, which were added immediately to the bacteria at final concentra-
tions of from 0.2 to 1.3 nmol/10” bacteria while vortexing. Bacteria were incubated for 15 min with end-
over-end rotation at 37°C. After incubation, methionine (1 mM) was added to quench any remaining
HOCI. Each sample was serially diluted, plated, and counted the following day.

To measure the sensitivity of S. pneumoniae to HOCl when associated with NETs, S. pneumoniae
(1 x 10%/mL) in PBS were added to pre-formed NETs in a 12-well plate. Reagent HOCI was diluted imme-
diately before adding to each well. The plate was incubated for 5 min at 37°C with 5% CO,. After incuba-
tion, methionine (1 mM) was added to each sample to quench excess HOCI. The bacteria were harvested
as in the NET survival experiment and were serially diluted, plated, and counted the following day.

S. pneumoniae and P. aeruginosa HOSCN sensitivity. Bacteria were diluted to 2.5 x 10°/mL in
HBSS, pH 6.8. HOSCN was generated in the absence of bacteria from the reaction of LPO with SCN~ and
quantified by absorbance at A,,,, as described previously with modifications (11, 69). Briefly, H,O, (0.75 mM
H,0,) was added every minute in the dark for 4 min to phosphate buffer (10 mM, pH 6.6), LPO (100 xg/mL)
and NaSCN (7.5 mM) (inverting gently after each addition), with HOSCN accumulating. LPO was removed by
centrifugation in 10,000 MW cut-off filters (14,000 x g, 4°C). The concentration of HOSCN was determined
using TNB and measuring the change in absorbance at A,,,, with a yellow to colorless change occurring upon
TNB oxidation (e,,, = 14,100 M~"' cm™"). HOSCN was immediately diluted, added at final concentrations of
0.05 to 0.8 mM to bacteria, and incubated for 30 min with end-over-end rotation at 37°C. Each sample was
then serially diluted, plated, and counted the following day. A control using a HOSCN stock solution that had
been left to decompose overnight at 20 to 22°C was also included to test whether the observed effect was
due to HOSCN or its decomposed products. HOSCN in the decomposed stock was measured before use and
was found to be negligible. To determine whether HOSCN had a bacteriostatic effect on S. pneumoniae
(SP264), additional experiments were carried out as above, but instead of plating the bacteria following
HOSCN treatment, they were added to BHI media and bacterial growth was tracked over 20 h at 37°C with 5%
CO, using a BioTek Synergy Neo2 Hybrid Multi-Mode Microplate Reader (Winooski, VT, USA) at A,

S. pneumoniae and P. aeruginosa HOSCN consumption. Bacteria (SP264 and PAO1) were diluted
to 5 x 10° CFU/mL in pH 6.8 HBSS and incubated with 0.5 mM HOSCN. HOSCN was also added to
buffer alone. Samples were incubated for up to 30 min with end-over-end rotation at 37°C. At 15-
min intervals, a sample of each treatment was taken and centrifuged to pellet bacteria (12,000 x g,
5 min). The HOSCN concentration in each sample was quantified using TNB. A sample of each bacte-
ria was serially diluted, plated, and counted the following day to confirm bacterial numbers were
similar across species and experiments.
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Statistical analysis. Graphs were plotted and statistical analysis tests were performed using GraphPad
Prism 8.2.0. or 9.1.2. (San Diego, CA, USA). Tests carried out to determine significant differences between condi-
tions are stated in figure/table legends where appropriate.
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