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ABSTRACT Zinc plays an important role in host innate immune function. However, the
innate immune system also utilizes zinc starvation (“nutritional immunity”) to combat in-
fections. Here, we investigate the role of zinc import and export in the protection of
Streptococcus pyogenes (group A Streptococcus; GAS), a Gram-positive bacterial pathogen
responsible for a wide spectrum of human diseases, against challenge from host innate
immune defense. In order to determine the role of GAS zinc import and export during
infection, we utilized zinc import (AadcA AadcAll) and export (AczcD) deletion mutants in
competition with the wild type in both in vitro and in vivo virulence models. We demon-
strate that nutritional immunity is deployed extracellularly, while zinc toxicity is utilized
upon phagocytosis of GAS by neutrophils. We also show that lysosomes and azurophilic
granules in neutrophils contain zinc stores for use against intracellular pathogens.

KEYWORDS zinc acquisition, zinc toxicity, nutritional immunity, group A
Streptococcus, Streptococcus pyogenes, neutrophils

he acquisition of transition metal ions (zinc, manganese, and iron) by bacterial

pathogens is recognized as being critical for their growth and survival. However, it
has also been observed that elevated levels of metal can result in toxicity. Therefore, it
is essential for bacteria to maintain tight control of metal ion homeostasis (1). Zinc is a
significant component in the innate immune defense against bacterial pathogens (2).
During an infection, nutritional immunity can occur, whereby the host withholds zinc
from bacterial pathogens via redistribution of zinc by the Zn transporter (ZnT) and Zrt-
and Irt-like protein (ZIP) families of proteins or zinc sequestration via calprotectin and
metallothionein (3-7). In vitro studies have shown that zinc sequestration by calpro-
tectin can inhibit the growth of various human pathogens, including Staphylococcus
aureus, Escherichia coli, and Enterobacter aerogenes (5, 8, 9). On the other hand, elevated
levels of zinc have been measured in different tissues of infected mice. Furthermore,
zinc is observed to be released within macrophages and neutrophils subsequent to
phagocytosis of bacterial pathogens (10-13). Unfavorable external conditions like
excess extracellular zinc have been shown to exert toxic effects on bacterial cells by
inhibiting manganese uptake and disrupting carbon metabolism (10, 14, 15). As a
consequence, bacterial pathogens have evolved strict internal control of zinc homeo-
stasis to combat fluctuating levels of extracellular zinc.

The human pathogen Streptococcus pyogenes (group A Streptococcus [GAS]) colo-
nizes the skin and throat asymptomatically or causes mild superficial infections like
impetigo and pharyngitis. Occasionally, GAS can penetrate into deeper tissues and may
cause severe invasive diseases like septicemia, streptococcal toxic shock-like syndrome,
and necrotizing fasciitis (16). GAS possesses well-defined systems for zinc efflux and
uptake that ought to allow it to deal with fluctuating zinc concentrations. To efflux
excess zinc, GAS possesses a cation diffusion facilitator, CzcD, that is regulated by a TetR
family transcriptional regulator, GczA (11, 17). In order to import zinc, GAS possesses
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the ATP-binding cassette (ABC) transporter uptake system AdcABC, which is regulated
by AdcR (9, 18, 19). As in Streptococcus pneumoniae, GAS encodes a second zinc-binding
protein, AdcAll (also known as Lsp, Lmb, or Lbp) (19-21).

Previous study has shown that the deletion of czcD in GAS resulted in loss of
virulence in both in vitro human neutrophil killing assays and subcutaneous invasive
mouse virulence assays, indicating the importance of zinc export in pathogenesis (11).
On the other hand, loss of zinc uptake has resulted in reduced ability to form lesions
in the subcutaneous infection mouse model and reduced overall virulence in mice (9,
19). Furthermore, deletion mutations in the zinc import system have also resulted in
reduced virulence in other streptococcal species (22-24). Additionally, forward genetic
techniques like transposon mutagenesis and transposon sequencing (Tn-Seq) have
shown that genes encoding the zinc import system, such as adcA and adcC, are
important for growth in blood and fitness in the mouse (25, 26).

Although both zinc export and zinc import are established as having a role in the
pathogenesis of GAS, information linking their relative roles in relation to the infection
process is limited. To address this, we describe experiments in which the progress of
infection in a murine model is compared for wild-type (WT) M1T1 GAS strain 5448, an
isogenic AczcD deletion mutant (11), and a AadcA AadcAll double deletion mutant. Our
findings indicate that zinc toxicity occurs primarily within innate immune cells, such as
human neutrophils, whereas zinc starvation occurs extracellularly, possibly through a
combination of different host responses, such as via the action of calprotectin. These
results reveal the dynamic nature of metal intoxication/limitation in the context of the
host-pathogen interaction.

RESULTS

Optimal zinc import in Streptococcus pyogenes requires both AdcA and AdcAll
zinc-binding proteins. In order to investigate the role of zinc import in GAS fitness, we
first set out to identify a suitable mutant that was highly compromised for zinc
acquisition. The GAS M1T1 genome contains a number of genes involved in zinc
import, including genes encoding a single ABC transporter, adcB (SP5448_00570;
MGAS5005_Spy0077), adcC (SP5448_00560; MGAS5005_Spy0078), and two zinc solute-
binding proteins (SBPs), adcA (SP5448_06840; MGAS5005_Spy0543) and adcAll
(SP5448_08690; MGAS5005_Spy1711) (Fig. 1A) (9, 18). In the M1T1 GAS strain 5448, we
observed that adcA expression was most downregulated (5-fold decrease) when grown
under zinc overload conditions (Fig. 1B). adc gene expression is regulated by AdcR,
which acts as a zinc-dependent repressor (18). Zinc overload induced czcD expression
under these same conditions (Fig. 1B). Under zinc-limited conditions, adcA was over
20-fold upregulated, while adcAll was over 70-fold upregulated, indicating considerable
induction of gene expression, which was mirrored by the repression of czcD expression
(Fig. 1C). These results confirm tight control of the zinc homeostasis system in GAS and
suggest that the combination of both AdcA and AdcAll is likely required for zinc import.

We next measured the effect of the deletion of different zinc homeostasis genes on GAS
growth, using AczcD, AadcA, AadcAll, AadcA AadcAll, and AadcBC deletion mutants. In
standard THY medium, all strains grew equivalently (Fig. 1D) and, as expected, only the czcD
mutant was attenuated for growth in the presence of 1 mM zinc (Fig. 1E). In contrast, in the
presence of the zinc chelator N,N,N’,N’'-tetrakis(2-pyridylmethyl)ethylenediamine (TPEN),
the growth of the adcA, adcBC, and adcA adcAll mutants was reduced (Fig. 1F) but the
adcAll mutant was only modestly affected. In view of these observations, the adcA adcAll
double mutant was chosen for comparison with the czcD mutant in subsequent experi-
ments.

Effects of the loss of zinc import and zinc export systems on GAS virulence. In
order to test the effect of genetic deletion of zinc import and zinc export systems, we
infected transgenic human-plasminogenized mice subcutaneously with strain 5448 WT
and the AczcD and AadcA AadcAll mutants. Mice infected with WT 5448 GAS developed
skin lesions earlier than mice infected with either the AczcD or AadcA AadcAll mutant
(Fig. 2A, 24 h). The lesion area was significantly larger in mice infected with 5448 WT
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FIG 1 Zinc acquisition and efflux in GAS. (A) Diagram representation of the gene locations of adcR, adcC, adcB, adcA, and adcAll in the GAS 5448 genome. Gene
sizes are to scale. (B, C) Comparison of the relative levels of expression of zinc export (czcD) and zinc import (adcA, adcB, and adcAll) genes in strain 5448 wild
type under zinc excess (1 mM ZnSO,) (B) or zinc-limiting (65 uM TPEN) (C) conditions. Error bars show standard deviations of the results from 3 independent
experiments. The relative levels of gene expression were calculated using the cycle threshold (2-24¢7) method, with gyrA as the reference gene, and are
expressed as fold changes in expression in GAS grown under zinc overload or -limiting conditions compared to the expression in GAS grown in THY alone.
Two-way ANOVA was used to compare the relative levels of gene expression under zinc excess or zinc-limiting conditions to their expression in THY (P <
0.0001). (D to F) Comparison of the growth of 5448 WT and isogenic deletion mutants (AczcD, AadcA, AadcAll, AadcA AadcAll, and AadcBC) in Todd Hewitt broth
plus 1% yeast extract (THY) (D) and THY supplemented with 1T mM zinc sulfate (E) or 65 uM TPEN (F). Graph is representative of 3 independent experiments.

than in mice infected with either the AczcD or AadcA AadcAll mutant (Fig. 2A, 24 h)
(P < 0.05), but as the time course of infection progressed, only mice infected with the
AadcA AadcAll mutant developed significantly smaller skin lesions than did mice
infected with 5448 WT (Fig. 2A, 48 h and 96 h) (P < 0.05). However, there were no
significant differences in the lesion sizes of mice infected with the AczcD mutant and
mice infected with the AadcA AadcAll mutant at either of the time points (Fig. 2A) (P >
0.05).

We also determined the capacity of GAS to disseminate into the bloodstream
postinfection. As early as 24 h postinfection, GAS WT had disseminated into the
bloodstream of mice, while there was no detectable recovery of the AczcD or AadcA
AadcAll mutant at 24 h or 48 h postinfection (Fig. 2B). The AczcD mutant was recovered
from blood at 96 h postinfection (Fig. 2B), but in contrast, the AadcA AadcAll mutant
was only rarely recovered, indicating that loss of adcA and adcAll considerably
reduced the dissemination of GAS into the blood (Fig. 2B, 96 h) (P < 0.05).
Furthermore, at 96 h postinfection, the recovery of the AadcA AadcAll mutant was
significantly less than the recovery of the AczcD mutant (Fig. 2B) (P < 0.05), indicating
that the AadcA AadcAll mutant has an even more reduced ability to disseminate into
the blood.

The virulence of 5448 WT compared to that of the AczcD and AadcA AadcAll mutants
was additionally assessed by monitoring the survival of human-plasminogenized mice
after subcutaneous infection. The AczcD mutant and the AadcA AadcAll mutant were
less virulent than 5448 GAS WT, with the AadcA AadcAll mutant showing the greatest
attenuation of virulence (Fig. 2C). In addition, the AadcA AadcAll mutant was signifi-
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FIG 2 GAS zinc homeostasis is important for skin colonization, blood dissemination, and virulence. (A) Areas of lesions (dimensions of the cross section) formed on
human-plasminogenized mice 24, 48, and 96 h after subcutaneous infection with 5448 WT and zinc export (AczcD) and zinc import (AadcA AadcAll) deletion mutants
at a dose of 2 X 107 CFU (n = 10). One-way ANOVA of the results was performed for 5448 WT versus each mutant and for the zinc export (AczcD) versus the zinc
import (AadcA AadcAll) mutant. *, P < 0.05; ns, not significant. Horizontal bars represent the median lesion sizes. (B) Total colonies per milliliter of blood from
human-plasminogenized mice 24, 48, and 96 h after subcutaneous infection with 5448 WT and zinc export (AczcD) and zinc import (AadcA AadcAll) deletion mutants
at a dose of 2 X 107 CFU (n = 10). One-way ANOVA of the results was performed for 5448 WT versus each mutant and for the zinc export (AczcD) versus the zinc
import (AadcA AadcAll) mutant. *, P < 0.05; **, P < 0.01; ***, P < 0.001; ns, not significant. Horizontal bars represent the median numbers of CFU/ml blood. (C) Virulence
survival curve showing survival of human-plasminogenized mice after subcutaneous infection with 5448 WT and zinc export (AczcD) and zinc import (AadcA AadcAll)
deletion mutants at a dose of 2 X 107 CFU (n = 10). (D) Competitive skin colonization assay was performed using 50:50 mixture of WT and AczcD mutant or WT and
AadcA AadcAll mutant subcutaneously injected into human plasminogenized mice. Colonies were enumerated 3 days postinfection on selective THY agar plates
(dose = 2 X 107 CFU, n = 8). Competitive indices were calculated as total number of mutant colonies divided by total number of 5448 WT colonies. One-way ANOVA
was performed on the competitive indices for both mutants compared to the WT and for the zinc export (AczcD) versus the zinc import (AadcA AadcAll) mutant. *,
P < 0.05; **, P < 0.005. (E) Growth of 5448 WT and zinc export (AczcD) and zinc import (AadcA AadcAll) deletion mutants in human blood. Bacterial cells were
enumerated at T = 0 and T = 3 h, and multiplicities of growth calculated as cell counts at T = 3 h divided by cell counts at T = 0 h. One-way ANOVA of the results
was performed for 5448 WT versus each mutant. ***, P < 0.001. (F) Growth of 5448 WT and zinc export (AczcD) and zinc import (AadcA AadcAll) deletion mutants in
human serum. Bacterial cells were enumerated at T = 0 and T = 3 h, and multiplicities of growth calculated as cell counts at T = 3 h divided by cell counts at T =
0 h. One-way ANOVA of the results was performed for 5448 WT versus each mutant.

cantly less virulent than the AczcD mutant (Fig. 2C) (P < 0.05). In order to assess the
ability to colonize skin, human-plasminogenized mice were also infected subcutane-
ously with a mixture of 50:50 WT/mutant, the lesion excised, and GAS colonies
enumerated 3 days postinfection. The competitive index indicated that both the AczcD
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and AadcA AadcAll mutants were less competitive than 5448 WT in colonizing the skin
lesion, with the AadcA AadcAll mutant being the least competitive (Fig. 2D, WT versus
AczecD mutant [P < 0.05], WT versus AadcA AadcAll mutant [P < 0.05], and AczcD
mutant versus AadcA AadcAll mutant [P < 0.05]). The AczecD and AadcA AadcAll mutants
both exhibited reduced growth compared to that of 5448 WT in nonimmune human
blood (Fig. 2E), whereas in human serum, there was no difference in growth between
any of the three strains (Fig. 2F). Taken together, these results indicate that, even
though zinc import and export are both important for GAS infection, the deletion
mutations in the zinc import system appear to cause a more severe virulence defect
and innate immune cells may play an important role in this process.

High levels of zinc and calprotectin are found at the site of GAS infection.
Tissue histology was performed on skin samples from healthy and infected human-
plasminogenized mice 3 days after subcutaneous infection. As an additional control, we
also examined samples of skin adjacent to the lesion in infected mice. The skin samples
of uninfected mice and the control adjacent-skin samples of infected mice were intact
and healthy (Fig. 3A, B, F, and G). However, infected-skin lesions had damage to the
epidermis, dermis, and hypodermis layers (Fig. 3C). Furthermore, there was an influx of
innate immune cells into the infected lesions (Fig. 3D and E). Immunofluorescence
histology staining identified the presence of GAS, neutrophils, and calprotectin at the
site of infection (Fig. 3H). We also determined the total zinc concentration at the site
of the infection, using inductively coupled plasma mass spectrometry (ICP-MS) analysis
of the control skin samples and the infected-skin-lesion and adjacent-skin samples of
infected mice 3 days after subcutaneous infection. The entire lesions were excised, as
well as healthy adjacent skin from infected mice and control skin samples from
uninfected mice, and the total zinc values were normalized to the weight of the lesion
or skin samples. ICP-MS showed that total zinc content is increased significantly at the
site of GAS infection (Fig. 31) (P < 0.05). Since innate immune cells, such as neutrophils,
are known to be rich in zinc (27), this increase in zinc coincides with the influx of innate
immune cells, such as neutrophils, to the site of infection (Fig. 3E and H). However, even
though there is an increased level of total zinc at the site of infection due to white
blood cell influx, zinc is potentially unavailable to the bacterial cells from the extracel-
lular milieu due to sequestration by calprotectin, which creates a zinc-limiting environ-
ment.

Intracellular zinc intoxication by neutrophils and extracellular chelation of zinc
to control GAS infection. To gain insight into the zinc-homeostatic response of GAS
at the site of infection, we first examined the transcription of different metal transporter
genes in the 5448 WT strain following a 30-min exposure to human neutrophils.
Confirming previous studies, the relative level of gene expression of czcD was increased
over 2-fold after neutrophil exposure (Fig. 4A) (11). On the other hand, the genes
encoding zinc import, adcA, adcB, and adcAll, were 1.5- to 2-fold decreased after
neutrophil exposure (Fig. 4A). No changes were observed in genes encoding copper
export (copA), manganese import (mtsA), manganese export (mntE), and iron export
(pmtA). These results indicate that GAS is encountering zinc overload conditions within
the neutrophils. The survival of the AczcD and AadcA AadcAll mutants was compared
to that of 5448 WT in the presence of human neutrophils. Only the zinc export mutant
was significantly more susceptible to human neutrophil killing than 5448 WT (Fig. 4B)
(P < 0.05). Similarly, in a competition assay where the WT and mutant were combined
at a 50:50 ratio and exposed to human neutrophils, only the czcD mutant was
significantly less competitive than the 5448 WT (Fig. 4C) (P < 0.05).

To examine extracellular mechanisms used to control infection, the human neutro-
phil assay was performed with pretreatment using cytochalasin D, which inhibits actin
polymerization, thereby preventing phagocytosis and, thus, blocking intracellular kill-
ing of GAS. The results showed that the AczcD mutant was able to survive extracellular
human neutrophil control mechanisms similarly to 5448 WT (Fig. 4D). In contrast, the
AadcA AadcAll mutant had significantly reduced survival (Fig. 4D) (P < 0.05). Further-
more, the 5448 Asdal mutant, which is deficient in the DNase responsible for the
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FIG 3 Influx of neutrophils and zinc at the site of skin colonization. (A, B) Tissue histology of healthy human-plasminogenized-mouse skin,
shown at X 10 (A) and X40 (B) magnification. (C to E) Tissue histology of human-plasminogenized-mouse infected-skin lesion 3 days after
subcutaneous infection with 5448 WT, shown at X10 (C), X40 (D), and X63 (E) magnification. (F, G) Tissue histology of human-
plasminogenized-mouse control skin adjacent to the lesion 3 days after subcutaneous infection with 5448 WT, shown at X 10 (F) and X40
(G) magnification. Mice were infected with a dose of 2 X 107 CFU. Images are representative of the results from 3 independent mice. (H)
Immunofluorescence histology identifying the presence of neutrophils (anti-CD63 antibody), GAS (anti-group A carbohydrate antibody),
and calprotectin (anti-S100A9 antibody) in human-plasminogenized-mouse infected-skin lesion 3 days after subcutaneous infection with
5448 WT, shown at X63 magnification (dose = 2 X 107 CFU). (I) Total zinc contents from skin of uninfected mice, infected-skin lesions
of human-plasminogenized mice 3 days after subcutaneous infection with 5448 WT, and control skin adjacent to the lesions of infected
mice (dose = 2 X 107 CFU). Total zinc content was normalized to the weight of the sample. One-way ANOVA of the results was performed
for total zinc from skin of uninfected versus infected mice. **, P < 0.005.

degradation of neutrophil extracellular traps (NETs) during extracellular neutrophil
killing (28), also demonstrated reduced survival (Fig. 4D). In the absence of cytochalasin
D, only the AczcD and Asdal mutants had reduced survival compared to that of 5448
WT under normal human neutrophil killing conditions (Fig. 4D). Together, these results
indicate that zinc toxicity is an intracellular neutrophil killing event, while zinc limitation
is an extracellular event.

Zinc is stored within neutrophil lysosomes and azurophilic granules. Currently,
there are a total of 24 known mammalian metal transporters (10 from the ZnT [SLC30A]
and 14 from the ZIP [SLC39A] family) identified as being involved in the transport of
zinc and other metals within mammalian cells (7). Reverse transcriptase PCR was
performed using human neutrophils to identify and confirm the presence of zinc or
metal transporters, storage proteins, and regulators (Table 1).
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FIG 4 Intracellular zinc toxicity within human neutrophils. (A) Relative expression levels of GAS metal
transporter genes in 5448 WT after contact with human neutrophils. Genes tested included genes coding
for zinc export (czcD), zinc import (adcA, adcB, and adcAll), copper export (copA), manganese import
(mtsA), manganese export (mntE), and iron export (pmtA). Error bars show standard deviations of the
results of 3 independent experiments; relative expression is expressed as fold change of gene expression
in GAS in contact with neutrophils divided by gene expression in control GAS. Relative gene expression
was calculated using the 2-42¢T method, with gyrA as the reference gene. (B) Human neutrophil killing
assay showing the percent survival of 5448 WT and zinc export (AczcD) and zinc import (AadcA AadcAll)
mutants following coculture with human neutrophils in vitro. Error bars show standard deviations of the
results of 3 independent experiments. One-way ANOVA of the results was performed for the WT versus
the mutants. ***, P < 0.001; ns, not significant. (C) Competitive human neutrophil killing assay was
performed using 50:50 mixtures of WT and AczcD mutant or WT and AadcA AadcAll mutant. Colonies
were enumerated on selective THY agar plates after 30 min of incubation with human neutrophils.
Competitive indices were calculated as total numbers of mutant colonies divided by total numbers of
5448 WT colonies. One-way ANOVA was performed on the competitive indices for both mutants
compared to the WT. **, P < 0.005; ns, not significant. (D) Human neutrophil killing assay in the absence
and presence of 10 ng/ml cytochalasin D. Cytochalasin D inhibits actin polymerization, hence preventing
phagocytosis and intracellular uptake of bacteria. Results show the percent survival of 5448 WT and zinc
export (AczcD), zinc import (AadcA AadcAll), and DNase1 (Asdal) deletion mutants following coculture
with human neutrophils in vitro. Error bars show standard deviations of the results of 3 independent
experiments. One-way ANOVA of the results was performed for the WT versus the mutants. ****, P <
0.0001; ns, not significant.
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TABLE 1 List of zinc transport and related genes expressed in human neutrophils

Function, protein family Protein encoded Presence of gene?

Metal transport
ZnT (SLC30A) ZnT1 +
ZnT2 +
ZnT3
ZnT4 +
ZnT5
ZnT6
ZnT7
ZnT8
ZnT9
ZnT10
ZIP (SLC39A) ZIP1
ZIP2
ZIP3
ZIP4
ZIP5
ZIP6
ZIP7
ZIP8
ZIP9
ZIP10
ZIP11
ZIP12
ZIP13
ZIP14

T

+ +

Zinc storage

Metallothionein MT1A
MT1B
MT1E
MT1F
MT1G
MT1H
MT1X +
MT2 +
MT3
MT4 +

+ 4+

Other functions
Metal regulation MTF-1
MTF-2
Copper transport ATP7A
y-Glutamylcysteine synthetase GCS
Housekeeping RPL32
HRPT1

S

a+, gene is present in human neutrophils.

Next, relative gene expression was assessed to test for changes in the expression of
these ZnT and ZIP zinc transporters during infection with GAS 5448 WT cells in human
neutrophils, to determine whether induction of genes involved in host zinc mobiliza-
tion was occurring during an infection. The results demonstrate that there are no
significant changes in expression for any of the genes encoding the zinc transporters
after half an hour of infection with GAS (Fig. 5A). This indicates that the response to
bacterial infection by human neutrophils is not transcriptionally regulated.

Next, confocal immunofluorescence microscopy was performed to identify
the vesicular location of zinc within the human neutrophils. Confocal micro-
scopy identified that the zinc signal {2-methyl-8-[(4-methylphenyl)sulfonylamino]-
6-(ethyloxycarbonylmethyloxy)quinoline (Zinquin)} colocalized with both the lyso-
some (anti-Lamp 1 antibody) and azurophilic (anti-proteinase-3 antibody) granules
(see Fig. ST in the supplemental material). In order to confirm colocalization of zinc
with the lysosome and azurophilic granules, superresolution microscopy was per-
formed using Delta-Vision OMX 3D-SIM technology. Superresolution microscopy
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neutrophils. Relative gene expression was calculated using the 2-24¢" method, with RPL32 and HRPT1 as the reference
genes. (B) Superresolution immunofluorescence micrograph demonstrating the colocalization of zinc (Zinquin; cyan)
and lysosome (anti-LAMP1 antibody; red) in human neutrophils infected with 5448 WT GAS (anti-group A carbohydrate
antibody; green) and in naive neutrophils. (C) Superresolution immunofluorescence micrograph demonstrating the
colocalization of zinc (Zinquin; cyan) and azurophilic granules (anti-proteinase 3 antibody; red) in human neutrophils
infected with 5448 WT GAS (anti-group A carbohydrate antibody; green) and in naive neutrophils.
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confirmed that zinc (Zinquin) colocalized with lysosomal markers in both infected
and naive neutrophils (Fig. 5B; Videos S1 and S2). Similarly, zinc was also found to
colocalize with the azurophilic granules in both infected and naive neutrophils
(Fig. 5C; Videos S3 and S4). Three-dimensional videos of the high-resolution mi-
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FIG 6 Proposed model of zinc utilization during neutrophil killing of GAS cells. (A) Intracellular zinc toxicity within human neutrophils. GAS
cells are phagocytosed into the phagosome, which fuses with the zinc-rich lysosomes to form the phagolysosome. The azurophilic
granules also degranulate, releasing their contents, which include zinc, into the phagolysosome. As a consequence, a high-zinc
environment is formed within the phagolysosome that results in zinc toxicity to the GAS cells. Within the phagolysosome, a zinc
export-deficient mutant (AczcD) is unable to export the excess zinc, and hence, it will experience zinc toxicity and cell death. (B)
Extracellular zinc starvation (nutritional immunity) as a result of calprotectin. The abundance of zinc-chelating calprotectin released in
neutrophil extracellular traps (NETs) results in an extracellular zinc-limiting environment. GAS cells can be trapped within NETs, and a zinc
import deletion mutant (AadcA AadcAll) that is unable to acquire zinc for growth will therefore experience zinc starvation and cell death.

croscopy are presented in the supplemental material. These results lead us to
hypothesize that zinc is possibly prepackaged into lysosomes and azurophilic
granules prior to infection (Fig. 6A). Therefore, during infection, when the azuro-
philic granules degranulate and lysosomes fuse with the phagosome to form the
phagolysosome, GAS will encounter high levels of intracellular zinc (Fig. 6A).

DISCUSSION

Zinc is known to be important for the control of various bacterial infections. Zinc
deficiency in humans and zinc-deficient murine model systems have been shown to result
in increased susceptibility to infection (29-32). Studies have shown that zinc deficiency
results in impaired phagocytosis and intracellular killing of pathogens but that this is readily
reversible by zinc supplementation (33-36). However, it is also established that at local sites
of infection, such as in tissue abscesses, zinc and manganese limitation as a consequence
of the action of calprotectin restricts bacterial growth, giving rise to the concept of
nutritional immunity in relation to these two metals (3, 5). The apparent paradox that both
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zinc sufficiency and zinc limitation are required for the management of bacterial infection
by the host is resolvable if we consider that, during infection, there are changes in zinc
concentrations within the host, both spatially and temporally. In this study, we have used
a set of isogenic mutant strains in the same genetic background (M1T1 GAS strain 5448) to
examine the effects of loss of zinc uptake and zinc efflux on pathogenesis.

Zinc has been directly implicated in the intoxication of bacterial pathogens within
innate immune cells (11-13), and elevated zinc levels have been recorded in serum and
tissues of infected mice (10). Here, elevated zinc levels were recorded in the GAS-
infected mouse skin (Fig. 3I). It is therefore not surprising that a GAS AczcD (zinc export)
mutant has reduced virulence in both in vitro and in vivo assays, confirming our
previous study (11). However, zinc is an important essential nutrient in bacteria, and it
is the most abundant transition metal ion, with approximately 6% of proteins being
zinc bound (29, 37). As a consequence, most bacteria have at least one zinc acquisition
system to ensure proper function of proteins and enzymes. GAS possesses the Adc
system to overcome zinc limitation (9, 18). This system is comprised of the surfaced-
exposed zinc-binding protein AdcA, the permease AdcB, and the cytosolic ATPase
AdcC, as well as a second zinc-binding protein, AdcAll, all of which are regulated by
AdcR (18). Studies have shown that deletions of various components of the Adc
proteins have resulted in reduced virulence in GAS and other streptococcal species (9,
18, 19, 22-24). It is therefore apparent that during an infection process, the pathogen
will encounter zinc limitation and require a zinc uptake system. Here, we examine the
various stages of infection that utilize either zinc toxicity or zinc limitation as a
pathogen control strategy.

The Adc systems in GAS and Streptococcus pneumoniae are well characterized, and
studies have shown that both AdcA and AdcAll are zinc specific and have potentially
redundant functions (9, 20, 22, 23). Previous studies have shown that GAS adcAll is more
strongly upregulated than adcA under zinc-limiting conditions in the GAS emm3 strain
MGAS10870 (18), similar to our results using the emm1 5448 genetic background (Fig.
1Q). In S. pneumoniae, studies have also noted that deletion of both adcA and adcAll
was required to completely abolish zinc import (22, 23); however, in the GAS emm1
strain MGAS5005, deletion of either adcA or adcAll was sufficient to inhibit growth in
zinc-limiting medium (20). In contrast, our data demonstrated that AdcA appears to be
the main zinc import system under the zinc-limiting growth condition tested (Fig. 1F),
even though gene expression data indicate that the adcAll gene is the most upregu-
lated (Fig. 1C). The differences in these studies could be due to differences in the
growth media, in the streptococcal species characterized, and in the GAS strains
examined (MGAS5005 compared to 5448). Therefore, to ensure that we were working
with a zinc import-deficient mutant, we proceeded to use the 5448 AadcA AadcAll
double deletion mutant for the subsequent virulence assays (Fig. 1F).

The second GAS zinc-binding protein, AdcAll (19-21, 38) has been previously shown
to be upregulated over 500-fold in the GAS emm14 strain HSC5 during a murine soft
tissue infection (39), and the adcAll deletion mutant was highly attenuated in the ability
to form a skin lesion in the GAS emm14 strain HSC5 (19). This is consistent with our data
showing that the AadcA AadcAll double mutant formed significantly smaller lesions
than the AczcD mutant and 5448 WT (Fig. 2A). Additionally, the AadcA AadcAll mutant
was more attenuated than the AczcD mutant in the ability to colonize the skin,
disseminate into the blood, and cause lethal infection in mice (Fig. 2). This indicates that
zinc acquisition is essential for GAS skin colonization and virulence. Previously, an adcC
deletion mutant in the GAS emm3 strain MGAS10870 background was shown to be
attenuated in both soft tissue infection and invasive infection (9). Furthermore, in
Streptococcus agalactiae, an adcAll deletion mutant demonstrated reduced invasion
(40). In S. pneumoniae, an adcA AadcAll mutant was less virulent in both colonization
and invasion mouse models and also showed reduced ability to grow in bronchoal-
veolar lavage fluid and in human serum (22, 23). Through the use of transposon
mutagenesis screens and Tn-Seq, it has been found in GAS strain 5448 that adcC is
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important for growth in blood and that adcA is required for fitness in murine skin and
soft tissue infection models (25, 26).

Neutrophils migrate from circulating blood to infected tissues, and upon arrival, can
eliminate the invading pathogen by a number of methods, one of which is via
neutrophil extracellular traps (NETs) (41). The release of NETs entraps the pathogen and
creates an environment with a high concentration of antimicrobials, such as calprotec-
tin (42). Calprotectin makes up approximately 40 to 60% of the neutrophil cytosolic
protein content (43, 44) and restricts the growth of various bacterial pathogens, such
as Staphylococcus aureus, by chelating zinc and manganese (5). In this study, calpro-
tectin was abundant at the site of GAS skin colonization (Fig. 3H). The concentration of
calprotectin at sites of infection can be as high as 500 wg/ml (45). Purified calprotectin
has been shown to inhibit the growth of GAS emm3 strain MGAS10870 in vitro (9). High
calprotectin levels have also been measured after both intramuscular and subcutane-
ous infection with GAS (9). Here, we observed that the AadcA AadcAll zinc import
mutant was also highly attenuated in the mouse model of infection (Fig. 2).

Neutrophils can also utilize phagocytosis and intracellular killing for pathogen removal.
We have previously shown that GAS encounters high levels of zinc within human neutro-
phils (11). This is consistent with the upregulation of czcD and downregulation of adcAl,
adcB, and adcAll in GAS cells when in contact with human neutrophils (Fig. 4A). Further-
more, the AadcA AadcAll mutant only demonstrated reduced survival compared to that of
5448 WT during extracellular killing by neutrophils in the presence of cytochalasin D (Fig.
4B to D). This result is potentially reflective of the action of calprotectin. Calprotectin
responds to extracellular calcium ions to become a potent chelator of zinc and manganese
in the extracellular space (8). In contrast, intracellular calprotectin is maintained in the
nonchelating form due to low calcium levels in the cytoplasm and is only active when
released from neutrophils. Furthermore, the GAS cells are spatially separated from calpro-
tectin, since they are contained within the phagolysosome and intracellular calprotectin is
stored in the cytoplasm (43).

Zinc mobilization occurs within mammalian cells via a complicated combination of
24 metal transporters, of which 10 belong to the ZnT (SLC30) family and 14 belong to
the ZIP (SLC39) family (7, 46, 47). The ZnT proteins transport zinc out of the cytoplasm,
while the ZIP proteins transport zinc into the cytoplasm (7). Gene expression studies
indicated that none of these zinc transporter families were differentially regulated in
human neutrophils during GAS infection (Fig. 5A). However, this does not exclude the
possibility of protein expression changes during an infection. Neutrophils are rapidly
turned over in the host, have been shown to be a rich source of zinc, and are
considered a reliable indicator of zinc status in humans (27, 48). Thus, we hypothesize
that the zinc is prepackaged within compartments of the neutrophil prior to infection.
Therefore, an increase in the total zinc levels in the infected-skin lesions of mice
corresponds to the increased numbers of neutrophils at the site of infection (Fig. 3E and
I). However, as mentioned earlier, the abundance of calprotectin restricted the avail-
ability of zinc.

Within the neutrophil, we have shown that zinc is localized to lysosomes and
azurophilic granules (Fig. 5B and C). To date, zinc has been shown to accumulate in
lysosomes of mammary gland cells via the action of ZnT2 (49), in lysosomes of T cells
via ZIP8 (47), and in the late endosomes and lysosomes of human macrophages (12).
Here, we report zinc accumulation within lysosomes and azurophilic granules of human
neutrophils. We therefore suggest that during phagocytosis, lysosomes fuse with the
phagosome and azurophilic granules degranulate into the phagolysosome, resulting in
increased zinc toxicity to the pathogen (Fig. 6A). In such instances, the zinc export-
deficient mutant (AczcD) would be unable to cope with the increased zinc levels in the
phagolysosome and bacterial cell death would occur (Fig. 6A). On the other hand, when
neutrophils release NETs during extracellular killing, the GAS cells are entrapped, while
calprotectin may contribute to restricting zinc availability, and therefore, the zinc
import-deficient mutant (AadcA AadcAll) would experience zinc starvation (Fig. 6B).

Combined, our results indicate that the role zinc plays in the control of bacterial
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infection is complex. Zinc limitation is likely the norm in extracellular situations where
calprotectin may serve to restrict zinc availability; in contrast, zinc intoxication of
bacterial pathogens is likely an intracellular process that occurs in neutrophils and
macrophages. The way in which the movement of zinc during infection is coordinated
to deliver direct antimicrobial activity, as well as control of the inflammatory response,
will be of interest for future studies. In terms of the relative importance of zinc
acquisition and zinc tolerance in bacterial pathogenesis, our data suggest that opti-
mized zinc homeostasis defines the fitness of a bacterial pathogen.

MATERIALS AND METHODS

Bacterial strains and growth conditions. S. pyogenes M1T1 strain 5448 (50) and isogenic derivatives
were cultured routinely in Todd-Hewitt (Oxoid) medium supplemented with 1% yeast extract (Merck)
(THY). Where required, spectinomycin was used at a concentration of 100 wg/ml, kanamycin at 200
ng/ml, and erythromycin at 2 ug/ml. Both liquid and agar cultures were grown at 37°C. E. coli MC1061
(51) was grown in Luria-Bertani (LB) broth and supplemented with spectinomycin (100 wg/ml) and
erythromycin (500 ng/ml) when required. Bacterial strains used in this study are listed in Table S1 in the
supplemental material.

DNA manipulation and genetic techniques. GAS mutants were constructed as previously de-
scribed unless otherwise indicated (11). Electrotransformation was carried out using standard protocols
described previously (11). All constructs and knockout strains were confirmed by DNA sequencing done
at the Australian Equine Genetics Research Centre, The University of Queensland. In addition, M protein
levels and capsule levels were similar to the levels in the wild type (data not shown). Plasmids and
primers used in this study are listed in Tables S1 and S2, respectively.

Growth curve analysis. Growth assays were performed as previously described (11). The growing
cultures were diluted to an optical density at 600 nm (ODg,,) of 0.01 in fresh THY (in the presence of
either 1 mM ZnSO, - 7H,0 or 65 uM TPEN; Sigma) in a 96-well microtiter plate. The cells were grown
statically, and the OD,,, measured every 30 min in a CLARIOstar microplate reader (BMG Labtech).

Quantitative gene expression studies. GAS RNA was isolated from cells harvested during the
desired growth phase (grown in the presence or absence of T mM zinc, 50 uM TPEN, or human
neutrophils). RNA was isolated, and quantitative PCR was performed based on a previously described
protocol, using gyrA as the reference gene (11). Human neutrophil RNA was isolated from uninfected
neutrophils and neutrophils infected with GAS according to the RNeasy plus minikit (Qiagen) instructions
and converted to cDNA (SuperScript Il first-strand synthesis system; Thermo Fisher). Quantitative PCR
was performed as described above, using RPL32 and HRPT1 as reference genes (52). Primers used for the
amplification of ZIP and ZnT genes are described elsewhere (53).

Virulence of GAS in a humanized-plasminogen transgenic mouse model. Transgenic humanized-
plasminogen (AIbPLG1+/~) mice (54) were subcutaneously infected (n = 10) with a dose of 2 X 107 CFU,
and virulence was assessed as previously described (11). Blood dissemination was determined by
counting bacterial loads from blood samples collected every 24 h postinfection for up to 5 days. Lesion
areas were determined by measuring the cross section of the lesion every 24 h postinfection for up to
5 days. In the competition skin infection assays, mice (n = 8) were subcutaneously infected with 50:50
WT/mutant mixtures at a dose of 2 X 107 CFU. Bacterial load was determined 72 h postinfection by
enumerating colonies plated onto selective THY agar plates. The competitive index was a measure of
total mutant colonies over total 5448 WT colonies recovered from the skin.

Growth of GAS in human blood and serum. Growth in human blood was performed in biological
triplicates using mid-logarithmic-phase (Ag,, = 0.4) GAS diluted 1:10 in whole human blood that was
collected in sodium citrate blood collection vials, with incubation at 37°C on a rotary wheel for 3 h.
Bacterial cells were enumerated at time zero (T = 0 h) and T = 3 h, and multiplicity of growth calculated
as cell counts at T = 3 h divided by cell counts at T = 0. The experiment to determine growth in human
serum was exactly as described for the experiment to determine growth in blood, with the exception of
the serum preparation. Briefly, the human blood was collected in collection vials with no additives, left
to coagulate for 1 h at room temperature, and centrifuged at 1,500 X g for 10 min, and the top layer
(human serum) collected and used in the assay.

Mouse skin tissue histology and immunofluorescence staining. Skin and infected lesions excised
from mice were fixed in 10% buffered formalin and submitted to the Translational Research Institute
Histology Core Facility at The University of Queensland for processing and immunofluorescence staining.
Briefly, the samples were processed in a Tissue-Tek VIP6 tissue processor and embedded with a Leica
embedding station, which allows tissues to be oriented with the correct direction and then forms them
into paraffin blocks. The tissue blocks were then sectioned at a 4-um thickness and stained with
hematoxylin and eosin (H&E) using Tissue-Tek Prisma and Glas for automated staining and coverslip
addition. The histology slides were viewed and photographed under a Zeiss Axioplan 2 light microscope
with a high-resolution Axiocam digital camera. We used the discovery ultra Ventana instrument (Roche)
to perform immunofluorescence staining. The primary antibodies were used at a concentration of 1:100
to stain neutrophils (mouse anti-CD63 antibody; Abcam) and calprotectin (mouse anti-S100A9 antibody;
Abcam) and a concentration of 1:300 to stain GAS (rabbit anti-group A carbohydrate antibody; Abnova).
The secondary antibody was anti-mouse HQ antibody, supplied by Roche Ventana, followed by anti-HQ
horseradish peroxidase (HRP) antibody, for 16 min each. The slides were stained with 3,3’-diamino-
benzidine (DAB) and counterstained with hematoxylin (Hx).
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Zinc measurements in skin tissue. Skin and infected-skin-lesion samples were excised from mice,
weighed, and dissolved in 80% nitric acid at 80°C for 24 h. The samples were then diluted to 2% nitric
acid and submitted for inductively coupled plasma mass spectrometry (ICP-MS) analysis at the School of
Earth and Environmental Sciences, the University of Queensland. The final value was normalized to the
weight of the skin tissue.

Human neutrophil killing assay. GAS survival following incubation with human neutrophils in vitro
was assayed as previously described (11). To prevent phagocytosis, the neutrophil killing experiment was
performed with the addition of cytochalasin D (Sigma). Briefly, the purified neutrophils were incubated
with 10 pg/ml cytochalasin D for 15 min at 37°C and 5% CO, and then cooled on ice prior to the start
of the experiment. Competition assays were performed with 50:50 WT/mutant mixtures, and bacterial
survival was determined by enumerating colonies plated onto selective THY agar plates. The competitive
index was a measure of total mutant colonies over total WT colonies.

Immunofluorescence microscopy and superresolution microscopy. Immunofluorescence micros-
copy was performed as previously described (11). The cells were stained with Alexa Fluor 488-conjugated
rabbit anti-group A polysaccharide antibody (1:100 dilution, PAB13831; Abnova), Alexa Fluor 555-
conjugated anti-LAMP1 antibody (1:100 dilution; Abcam), or anti-proteinase 3 antibody (1:100 dilution;
Thermo Scientific) and Zinquin (25 uM; Sigma-Aldrich) for 3 h. For superresolution microscopy, cells were
mounted on a no. 1.5-thickness coverslip using nonsolidifying mounting medium. The coverslips were
then washed with Dulbecco’s phosphate-buffered saline (DPBS) and mounted onto glass slides. Confocal
images were acquired on a Zeiss LSM 510 metal confocal microscope (School of Chemistry and Molecular
Biosciences, the University of Queensland), and superresolution images were acquired on a GE Health-
care OMX 3D-SIM superresolution microscope (Translational Research Institute Microscopy Core Facility
at The University of Queensland).

Statistical analysis. Differences in relative gene expression, colony counts, lesion sizes, growth in
human blood and serum, neutrophil survival, and competitive indices were analyzed using both the
two-tailed unpaired t test and one-way analysis of variance (ANOVA) (GraphPad Prism). Differences in
virulence were analyzed using the Mann-Whitney test (GraphPad Prism).

Ethics approval. All animal experiments were conducted according to the Guidelines for the Care
and Use of Laboratory Animals (National Health and Medical Research Council, Australia) and were
approved by the University of Queensland Animal Ethics Committee. Human blood donation for use in
neutrophil killing and growth in blood and serum assays was conducted in accordance with the National
Statement on Ethical Conduct in Human Research and in compliance with the regulations governing
experimentation on humans and was approved by the University of Queensland Medical Research Ethics
Committee.
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