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ABSTRACT Staphylococcus aureus is an important human pathogen that can cause a
variety of diseases ranging from mild superficial skin infections to life-threatening con-
ditions like necrotizing pneumonia, endocarditis, and septicemia. Polymorphonuclear
leukocytes (PMNs; neutrophils in particular herein) are essential for host defense
against S. aureus infections, and the microbe is phagocytosed readily. Most ingested
bacteria are killed, but some S. aureus strains—such as the epidemic USA300 strain—
have an enhanced ability to cause PMN lysis after phagocytosis. Although progress
has been made, the mechanism for lysis after phagocytosis of S. aureus remains
incompletely determined. Here, we tested the hypothesis that disruption of phago-
some integrity and escape of S. aureus from the PMN phagosome into the cytoplasm
precedes PMN lysis. We used USA300 wild-type and isogenic deletion strains to evalu-
ate and/or verify the role of selected S. aureus molecules in this cytolytic process.
Compared to the wild-type USA300 strain, Aagr, Ahla, AlukGH, and Apsm strains each
caused significantly less lysis of human PMNs 3 h and/or 6 h after phagocytosis, con-
sistent with previous studies. Most notably, confocal microscopy coupled with selec-
tive permeabilization assays demonstrated that phagosome membrane integrity is
largely maintained prior to PMN lysis after S. aureus phagocytosis. We conclude that
PMN lysis does not require escape of S. aureus from the phagosome to the cytoplasm
and that these are independent phenomena. The findings are consistent with the abil-
ity of S. aureus (via selected molecules) to trigger lysis of human PMNs by an undeter-
mined signaling mechanism.

IMPORTANCE S. aureus strain USA300 has the ability to cause rapid lysis of human
neutrophils after phagocytosis. Although this phenomenon likely contributes to the
success of USA300 as a human pathogen, our knowledge of the mechanism remains
incomplete. Here, we used a selective permeabilization assay coupled with confocal
microscopy to demonstrate that USA300 is contained within human neutrophil
phagosomes until the point of host cell lysis. Thus, consistent with a process in mac-
rophages, S. aureus fails to escape into the neutrophil cytoplasm prior to cytolysis.

KEYWORDS PMN, MRSA, USA300, phagocytosis, cytolysis, cell death, Staphylococcus
aureus, neutrophils

taphylococcus aureus is a human commensal bacterium and opportunistic patho-
gen (1). Inasmuch as all humans have antibody specific for S. aureus and ~60% are
either permanently or intermittently colonized, the level of exposure is high (2). In
addition, S. aureus is notorious for its ability to acquire resistance to multiple classes of
antibiotics, and antibiotic resistance—most notably resistance to beta-lactam antibiot-
ics—has been a major problem for treatment of S. aureus infections for decades (3, 4).
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Indeed, methicillin-resistant S. aureus (MRSA) is considered a serious public health
threat by the U.S. Centers for Disease Control and Prevention (https://www.cdc.gov/
mrsa/healthcare/index.html). MRSA strains classified as USA300 by molecular typing
are prominent in community (community-associated MRSA [CA-MRSA]) and health
care settings in the United States. (5-10). CA-MRSA strains, such as USA300, are notable
because they can cause infections in otherwise healthy individuals. The pathogen pro-
duces numerous molecules that have been shown to contribute to virulence in animal
infection models, and many promote evasion of killing by neutrophils in vitro.

Polymorphonuclear leukocytes (PMNs; neutrophils in particular herein) are essential
for defense against bacterial and fungal infections (11, 12). Individuals with low PMN
counts or congenital PMN disorders are susceptible to recurrent and/or severe infec-
tions, especially those caused by S. aureus (13). Thus, the enhanced ability of USA300
to circumvent killing by PMNs is consistent with its ability to cause infections in healthy
individuals. This attribute is not unusual for S. aureus. For example, landmark studies in
the 1950s by Rogers and colleagues revealed that some S. aureus strains can avoid kill-
ing by PMNs in vitro and in vivo in rabbits and can ultimately cause neutrophil lysis af-
ter phagocytosis (14-16). The authors proposed a model whereby S. aureus is ingested
rapidly by PMNs, which then migrate into tissues and lyse, thereby releasing any viable
microbes (16). Similar work using a mouse infection model was performed by Gresham
et al. decades later (17). More recently, work with human PMNs demonstrated that
USA300 promotes rapid (within 3 h) lysis of PMNs after phagocytosis (18-20).
Subsequent studies have shown that the process is distinct from apoptosis and has
characteristics of programmed necrosis or necroptosis (19, 21). However, the mecha-
nism for PMN lysis after phagocytosis of S. aureus remains incompletely determined.

A number of S. aureus molecules and gene regulators have been proposed to be
involved in this cytolytic process, including alpha-hemolysin (Hla), leukocidin GH
(LukGH) (also known as leukocidin AB [LukAB]), alpha-type phenol-soluble modulins
(PSMa), accessory gene regulator (Agr), and SaeRS (22-27). Here, we used USA300
wild-type and mutant strains combined with confocal laser scanning microscopy to
gain additional insight into the mechanism that underlies this cytolytic process in
human PMNs.

RESULTS

Verification of the phenotype associated with PMN lysis after phagocytosis of
S. aureus. As a step toward gaining insight into the mechanism of neutrophil lysis after
phagocytosis of S. aureus, we verified the ability of USA300 strain LAC (representative
of the USA300 epidemic clone of the early 2000s) to cause rapid lysis of human PMNs
as reported previously (Fig. 1A) (19). Consistent with previous work, PMN lysis after
phagocytosis of S. aureus was time dependent and increased with higher bacterial cell-
to-PMN ratios (Fig. 1A). Inasmuch as the S. aureus growth phase has a significant
impact on the production of cytolytic toxins in vitro (28-30), we tested whether culture
of USA300 to exponential or stationary phases of growth alters PMN lysis after phago-
cytosis (Fig. 1B). There was no significant difference in the rates of PMN lysis after
phagocytosis at 3 h and 6 h using USA300 cultured to exponential- (optical density at
600 nm [ODgq,] = 0.75) or stationary- (ODgy, = 1.75) growth phases (Fig. 1B). These find-
ings indicate that the culture conditions tested here had no bearing on lysis after PMN
phagocytosis. PMN lysis was completely prevented by killing of USA300 with heat or
UV light, as described previously (Fig. 1C) (19). We next used lysostaphin (LS) to kill
extracellular S. aureus, and there was a significant reduction in PMN lysis if lysostaphin
was added at the start of the assay, but not when it was added at later time points
(Fig. 1D). These results are consistent with the known rapid PMN phagocytosis of S.
aureus, as intracellular S. aureus are protected from killing by lysostaphin. To test this
notion more directly, we treated PMNs with cytochalasin D (to inhibit phagocytosis) or
added lysostaphin concurrently (prior to the start of the assay) (Fig. 1E). Cytochalasin D
alone failed to prevent PMN lysis by 6 h after culture with USA300, although there
were many bacteria associated with (surface bound) or in close proximity to all PMNs.
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FIG 1 Human PMN lysis after phagocytosis of USA300 strain LAC. (A) PMN lysis is dependent on time
and bacterial cell-to-PMN ratio (n = 4). (B) PMN lysis is not influenced by bacterial growth phase
(n = 4). (C) PMN lysis after phagocytosis requires live S. aureus. Bacteria were heat killed (LAC HK) at
95°C for 5 min or UV irradiated (LAC UV) at 4,000 x 100 wJ/cm2 (n = 3). (D) Phagocytosed S. aureus
are protected from killing by lysostaphin (LS). LS (6.5 U/10” CFU) was added to assays at the times
indicated, and USA300-mediated PMN lysis was determined as described in Materials and Methods.
(E) PMN lysis can be caused by intracellular and/or extracellular staphylococci. Cytochalasin D (CD;
10 ng/ml) was added to PMNs 15 min prior to addition of bacteria. LS was added 30 min after the
start of the experiment when added alone (LAC+LS) or 15 min prior to addition of bacteria when
added concurrently with CD (LAC+LS+CD) (n = 3). To generate culture supernatant (SN), overnight
cultures of LAC were diluted 1:100 into prewarmed RPMI/H and grown for 6 h at 37°C as described
in Materials and Methods. Data are presented as mean values = standard deviations (SD), and
assays whose results are shown in panels B to E were performed using a 10:1 bacterial cell/PMN
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This finding merits further investigation. On the other hand, the combination of cy-
tochalasin D and lysostaphin prevented PMN lysis almost completely (PMN lysis was
2.0% = 3.4% [mean = standard deviation], versus 50.1% = 10.6% for treated and
untreated cultures; P < 0.0001) (Fig. 1E). In addition, supernatant from S. aureus cul-
tured alone for 6 h in RPMI assay medium—an estimate of the maximum potential
cytolytic capacity of the medium in 6-h PMN assays if bacteria are not phagocy-
tosed—caused limited PMN lysis (7.8% = 7.0%) (Fig. 1E). Taken together, these
results provide further strong support to the idea that PMN lysis in these assays is
caused largely by ingested USA300 cells and not toxins secreted into the culture
medium.

Multiple S. aureus cytolytic toxins contribute to PMN lysis after phagocytosis.
Inasmuch as multiple S. aureus cytolytic toxins effect leukocyte lysis in vitro, we next
evaluated the ability of USA300 wild-type and isogenic mutant strains to cause PMN
lysis after phagocytosis (Fig. 2). In general, S. aureus is known to be ingested readily by
human neutrophils (16). Consistent with previous studies (18, 31), USA300 was phago-
cytosed readily by human PMNs (phagocytosis was =80.2% = 0.01% within 40 min for
all strains tested), and there were no differences in uptake between wild-type and mu-
tant strains. In contrast, PMN lysis at 3 h was decreased significantly following phago-
cytosis of AlukGH (P < 0.0001), Apsma (P = 0.02), Ahla (P = 0.03), and Aagr
(P < 0.0001) strains compared to the phagocytosis of the USA300 wild-type strain
(Fig. 2A). The findings with AlukGH, Apsma, and Aagr strains were also observed at 6 h,
although differences compared to the wild-type strain were reduced as the level of
PMN cytolysis increased over time (Fig. 2B). We selected AlukGH as a representative
strain with which to confirm specificity. Complementation of the AlukGH strain with
lukGH on a plasmid (AlukGH::plukGH) restored cytolytic capacity in full, thereby verify-
ing that LukGH alone can contribute to PMN lysis (Fig. 2C). The addition of I1gG specific
for LukG to these assays also blocked PMN lysis significantly, providing further support
to the idea that LukGH promotes lysis after phagocytosis (Fig. 2C). Collectively, these
results confirm previous work with selected S. aureus molecules and, additionally, pro-
vide data that bears on the relative contribution of each to PMN lysis after phagocyto-
sis (Fig. 2A and B) (22-27).

S. aureus-containing phagosomes remain intact during PMN lysis. We next
tested whether escape of S. aureus from the phagosome to the cytoplasm precedes
PMN lysis after phagocytosis. Digitonin can be used to selectively permeabilize the
plasma membrane of eukaryotic cells (after fixation) without damaging intracellular
membranes and has been used to measure vacuolar escape of intracellular pathogens
like Francisella tularensis and Salmonella enterica serotype Typhimurium (32-34).
Therefore, we developed a selective-permeabilization assay with digitonin that perme-
abilizes the PMN plasma membrane but not the phagosome (Fig. 3A to Q). S. aureus
was visualized by direct labeling with fluorescein isothiocyanate (FITC) and with IgG
specific for S. aureus (anti-S. aureus antibody), which was used to determine the acces-
sibility of S. aureus following PMN phagocytosis, chemical fixation, and permeabiliza-
tion with digitonin or Triton X-100 (Fig. 3B and C). Notably, Triton X-100 permeabilized
both plasma membranes and phagosome membranes of fixed PMNs, thereby permit-
ting cytoplasmic-actin staining with phalloidin (Fig. 3A, green), staining of intraphago-
somal S. aureus with anti-S. aureus antibody (Fig. 3C, red S. aureus), and labeling of S.
aureus-containing phagosomes with LAMP1 (Fig. 4). In comparison, digitonin permea-
bilizes plasma membranes (Fig. 3A, green) but not phagosome membranes. Therefore,
fixed PMNs with ingested FITC-labeled strain LAC failed to stain with anti-S. aureus anti-

FIG 1 Legend (Continued)

ratio. (A) Data were analyzed using repeated-measures ANOVA and Tukey's posttest. Asterisks
marking data colored blue and red indicate a P value of <0.05 versus all other bacterial cell/PMN
ratios at 4 h and versus 1:1 and 2:1 ratios at 6 h. (B) Results were analyzed using an unpaired two-
tailed t test. ns, not significant. (C, D) Data were analyzed using repeated-measures ANOVA and
Tukey's posttest. **, P < 0.01; ***, P =< 0.001; ****, P = 0.0001. (E) Data were analyzed with mixed-
effects analysis and Dunnett’s posttest. ****, P < 0.0001.
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FIG 2 Lysis of human PMNs following phagocytic interaction with LAC wild-type and isogenic mutant
strains. (A, B) PMN lysis 3 h (A) or 6 h (B) after incubation with the indicated strains. Each red circle
indicates the results for a separate experiment (n = 10 to 16 [A] and n = 6 to 13 [B]). (C) PMN lysis
was determined following phagocytosis of wild-type, AlukGH, or complemented AlukGH strain (left) or
with or without anti-LukG antibody (aLukG) or control IgG as indicated (right) (n = 5). Lysostaphin
(LS) was added 30 min after the start of the assay to kill extracellular S. aureus (right) (n = 6). Assays
were performed using a 10:1 bacterial cell/PMN ratio, and results are presented as the mean values *
SD. (A, B) Data were analyzed using a mixed-effects analysis and Dunnett’s posttest. (C) Data were
analyzed using a mixed-effects analysis and Tukey’s (left) or Dunnett’s (right) posttest. *, P < 0.05; **,
P < 0.01; ***, P < 0.001; ****, P < 0.0001.

body after treatment with digitonin (Fig. 3B, green S. aureus only—no red antibody
stain). Selective permeabilization of the plasma membrane by digitonin was then used
to estimate phagosome integrity in subsequent experiments. We used CD16 as a PMN
plasma membrane marker, and staining of PMNs with anti-CD16 antibody revealed a
circumscribed staining pattern consistent with the presence of plasma membrane
(Fig. 4A and 5; Fig. S2 in the supplemental material). PMNs containing USA300 at
30 min had circumscribed staining with CD16, whereas it was absent in some of the
PMNs associated with/containing bacteria at 3 h (a time point at which PMN lysis is
typically first detected) (Fig. 5). Using this methodology, we were able to estimate
phagosome integrity during the process of PMN lysis, including the specific sequence
of events (i.e.,, whether loss of phagosome integrity occurred in the presence or ab-
sence of an intact plasma membrane). In accordance with the PMN lysis assays, the
percentage of S. aureus-associated PMNs (FITC positive [FITC™]) that retained plasma
membrane staining (CD16") and contained intact phagosomes (anti-S. aureus antibody
negative [@Sa~]) decreased over time (from 88% = 2.8% at 30 min to 27.8% = 11.3%
at 3 h) (Fig. 5A, B, and F, green squares). Consistent with this finding, the percentage of
PMNs that lost both plasma membrane staining (CD167) and phagosome integrity
(FITC* anti-S. aureus antibody positive [@Sa*]) increased in parallel, but only to a lim-
ited extent over the time period tested (from 0% to 14.5% * 12.8% at 3 h) (Fig. 5D and
F, red circles). This phenotype represents fully lysed PMNs (Fig. 5F, red circles). In com-
parison, there was a significant increase in the number of PMNs that lacked plasma
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FIG 3 Selective permeabilization of the PMN plasma membrane by digitonin. (A) Digitonin and Triton
X-100 each permeabilize the plasma membrane of fixed PMNs, as demonstrated by cytoplasmic-actin
staining with AF488-phalloidin. Nuclei were stained with NucBlue. (B, C) LAC was labeled with FITC
(FITC-LAC) prior to the start of the experiment and is pseudocolored green in all panels. The
digitonin treatment conditions used did not permit staining of intraphagosomal bacteria with anti-S.
aureus antibody (aSa) coupled to AF594 (B), whereas intraphagosomal bacteria are stained readily
after treatment of PMN with Triton X-100 (C). Scale bar = 10 um.

Triton X-100

membrane staining but contained intact S. aureus phagosomes (from 0% at 30 min to
38.2% = 8.3% at 3 h) (Fig. 5C and F, green circles; Table S1). Moreover, the percentage
of PMNs that retained CD16 staining at the plasma membrane and contained dis-
rupted S. aureus phagosomes—a phenotype consistent with escape of S. aureus to the
cytoplasm prior to lysis—was low (5.5% * 6.2% at 3 h) and did not change significantly
over time (Fig. 5E and F, red squares; Table S1). Taken together, these findings indicate
that the plasma membrane is likely compromised prior to disruption of the phago-
some membrane. The results are compatible with a cytolytic process that does not
require escape of S. aureus from the PMN phagosome.

DISCUSSION

Although most S. aureus strains are readily ingested by PMNs and killed, some
strains, such as USA300, have the ability to circumvent killing by PMNs and cause rapid
lysis of these important immune cells (18-21). Inasmuch as neutrophils comprise the
major cellular component of host defense against S. aureus infections, this cytolytic
phenomenon has the potential to influence the virulence of a strain and its success as
a human pathogen. Although progress has been made in understanding this phenom-
enon, the cellular and molecular events that culminate with PMN lysis after phagocyto-
sis of S. aureus remain incompletely determined.

Work with nonprofessional phagocytic cells (nonphagocytes) has provided intrigu-
ing insights into host cell-S. aureus interactions, including host cell death mechanisms.
Numerous studies have demonstrated that S. aureus can be ingested by nonphago-
cytes in vitro and that the microbes reside within a membrane-bound vacuole often
characterized as a phagolysosome (35-44). Some of the sequestered bacteria then
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FIG 4 Subcellular distribution of CD16 and LAMP1 in human PMNs following phagocytosis of S.
aureus (strain LAC). (A) Staining patterns of control PMNs. At the indicated time points, control PMNs
(no bacteria) were labeled with antibody specific for CD16 (aCD16), fixed with paraformaldehyde,
permeabilized with Triton X-100, and subsequently labeled with antibody specific for LAMP1
(aLAMP1) as described in Materials and Methods. Nuclei were stained with NucBlue. (B) Staining
patterns in PMNs following phagocytosis of S. aureus. Strain LAC was labeled with FITC (FITC-LAC)
prior to the start of the phagocytosis experiment and is pseudocolored green in all panels. At the
indicated time points, PMNs were labeled with «CD16 and aLAMP1 antibody as described for panel
A. Scale bar = 10 um.

escape into the cytoplasm and cause host cell death and/or lysis, albeit the process is
strain dependent and can differ among types of host cells (35-37, 45, 46). The ability of
S. aureus to escape from the phagolysosome of nonphagocytes is dependent on a
functional accessory gene regulator (Agr) system and may involve PSMs and S-toxin
(38, 46-49). Recently, Stelzner et al. reported that S. aureus ingested by nonphagocytes
disrupts intracellular calcium homeostasis, which in turn leads to cell death by apopto-
sis and/or necrosis (50). These results provide support to the idea that intracellular S.
aureus triggers cytolysis/cell death by altering metabolic processes of host cells rather
than targeting the plasma membrane via cytolytic toxins.

The cell death process in professional phagocytes following phagocytosis of S. aur-
eus appears distinct from that of nonphagocytes. For example, Kubica et al. reported
that S. aureus ingested by human monocyte-derived macrophages survived for several
days within an intracellular vacuole (51). This intracellular persistence required S. aur-
eus alpha-toxin and was followed by macrophage lysis and release of the pathogen
(51). More recent studies have also shown that S. aureus is contained within phago-
somes of macrophages and macrophage-like cell lines until the point of cell death and
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FIG 5 PMN-S. aureus phenotypes as observed by confocal microscopy. For all panels, PMNs were combined with S. aureus for
30 min or 3 h, labeled with anti-CD16 antibody (a«CD16), fixed with paraformaldehyde, permeabilized selectively with digitonin,
and stained as indicated. (A, B) CD16-positive PMNs with intact S. aureus phagosomes (CD16" FITC™ «Sa~ [anti-S. aureus
negative]). (C) CD16-negative PMNs with intact S. aureus phagosomes (CD16~ FITC*" aSa~) and a juxtaposed CD16" PMN lacking
S. aureus. (D) CD16-negative PMNs with disrupted S. aureus phagosomes (CD16~ FITC* aSa*) next to a CD16-positive PMN with
intact phagosomes. (E) CD16-positive PMN with a single disrupted S. aureus phagosome (CD16" FITC* aSa™). Arrows in all panels
indicate representative staining patterns for PMNs (and associated phagosomes) that were used to quantitate each phenotype as
labeled on the right. Scale bar = 10 um. (F) Quantification of the PMN-S. aureus phenotypes described for panels A to E. Green
symbols and solid lines indicate intact phagosomes; red symbols and dashed lines indicate loss of phagosome integrity. Results
are presented as the mean values = SD from 4 separate experiments. Statistics were performed using repeated-measures
nonparametric ANOVA (Friedman test) with Dunn’s posttest to correct for multiple comparisons. *, P < 0.05 for 3 h versus 0.5 h;
1, P < 0.05 versus red square (2 h, 3 h) or red circle (1 h).

lysis (reviewed by Moldovan and Fraunholz [52]). Although previous work by Grosz
et al. found limited (~5%) escape of USA300 strain LAC from THP-1 phagosomes (53),
studies by Tranchemontagne et al., Jubrail et al.,, and Flannagan et al. demonstrate that
S. aureus is retained fully in macrophage phagosomes (54-57). Jubrail et al. found that
as the ratio of bacteria per macrophage increases, bacteria are continually phagocy-
tosed but the efficiency of intracellular killing is decreased (54). These viable intracellu-
lar S. aureus can then replicate within the phagosome and ultimately cause host cell
death (55, 57). This macrophage death process has features of apoptosis and necrosis,
which suggests the host cell undergoes programmed cell death (55). This finding, com-
bined with the observation that S. aureus is contained within an intact phagolysosome
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until the point of macrophage cytolysis, indicates that any contribution of S. aureus
toxins to the process is indirect. It is noteworthy that the replication of USA300 within
spent macrophages is optimal within (or requires) an acidic intracellular compartment,
such as the phagolysosome (57). Such a process has the potential to promote a contin-
uous cycle of phagocytosis, intracellular replication, and lysis, thereby leading to per-
sistence of S. aureus in tissues.

PMN lysis after S. aureus phagocytosis is also accompanied by characteristics of apo-
ptosis and necrosis, although the mechanism remains incompletely understood (19-21).
Our previous studies used ultrastructural analyses to provide evidence that S. aureus is
retained within the PMN phagosome until cytolysis (19). Here, we used a selective per-
meabilization assay to demonstrate that the integrity of the S. aureus phagosome is
largely maintained until the PMN undergoes cytolysis. These data provide strong support
to the idea that there is little or no escape of ingested S. aureus from the phagosome to
the cytoplasm of human PMNs. To our knowledge, no study to date has demonstrated
the escape of S. aureus from PMN phagosomes. Our results are thus consistent with find-
ings generated using macrophages and macrophage cell lines (55-57).

Previous studies identified S. aureus molecules, including cytolytic toxins, that con-
tribute to PMN lysis after phagocytosis (22-25). Here, we compared the ability of
USA300 wild-type and isogenic mutant strains to cause lysis of human PMNs after
phagocytosis. Among the toxin mutant strains tested, the reduction in cytolysis (versus
the cytolysis caused by the wild-type strain) was greatest following uptake of the
AlukGH mutant strain (Fig. 2). Interestingly, lukGH is upregulated in human blood and
the promoter is preferentially activated following exposure to PMNs (58, 59). Moreover,
a genome-wide screen identified LukGH as a prominent effector of PMN lysis caused
by USA300 (26). DuMont et al. identified CD11b as the cell surface receptor for LukAB
(also known as LukGH) and showed that cytolysis of host cells by this leukocidin occurs
through binding of CD11b on the cell surface (59). CD11b would also be accessible to
intraphagosomal S. aureus, based on the topology of the phagosomal membrane. It is
possible that binding of LukGH to its receptor (or receptors) present in the phagosome
membrane initiates a signaling cascade that ultimately leads to PMN lysis.

In summary, we show that PMN lysis after phagocytosis of S. aureus does not
require escape of the pathogen into the cytoplasm. Based on these and previous stud-
ies, the contribution of S. aureus toxins to this cytolytic process is likely indirect and
involves signaling or triggering of PMN death from within. More work is needed to
identify the signaling pathways involved in this process and thereby elucidate the spe-
cific mechanism for cytolysis.

MATERIALS AND METHODS

Statement of ethics. Venous blood was obtained from healthy human volunteers in accordance
with a protocol (01INO55) approved by the Institutional Review Board for human subjects, National
Institutes of Health (Bethesda, MD, USA), and the research follows the principles of the Declaration of
Helsinki. All volunteers gave written informed consent prior to participation.

Strains and culture conditions. S. aureus strain LAC (and pulsed-field type USA300 in general [60,
61]) has been well characterized (18, 19, 31, 60-63). All mutant strains used in this study were derived
from the LAC wild-type strain. The AlukGH, Ahla, Ahlg, Apvl, and Apsma strains were described previ-
ously (23, 58, 64-66). A new LACAIukGH::plukGH strain was constructed as described previously (63), and
LACAIUKED was constructed as described below. All strains were grown overnight in Trypticase soy
broth (TSB; BD Biosciences) with shaking at 250 rpm or on Trypticase soy agar (TSA; BD Biosciences) at
37°C. Overnight cultures of the AlukGH:plukGH strain were supplemented with 12.5 wg/ml tetracycline
to ensure retention of the complementation plasmid. For PMN lysis assays, the AlukGH::plukGH strain
was grown in the presence of 0.5% xylose to an ODy,, of 0.75 to induce production of LukGH. E. coli One
Shot OmniMAX 2 T1 phage-resistant cells (Invitrogen) used during the construction of the AIUkED strain
were grown at 37°C with shaking at 250 rpm in the presence of 100 ug/ml ampicillin in Luria Bertani
broth or on Luria Bertani agar (LB; BD Biosciences).

Construction of USA300 LACAIUKED. Isogenic deletion of JukED from the LAC chromosome was con-
ducted according to Schneewind and Missiakas (67). PCRs were performed using Phusion high-fidelity DNA
polymerase (NEB), and chromosomal DNA was purified from LAC wild type using the DNeasy blood and tis-
sue kit (Qiagen). Gateway cloning was performed using the Gateway BP Clonase Il enzyme mix (Invitrogen)
according to the manufacturer’s instructions. The primer pairs used for amplification of 1-kbp regions
upstream from lukD and downstream from [ukE were as follows: upstream fragment, attB1_LukD_up_for
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(GGGGACAAGTTTGTACAAAAAAGCAGGCTGTTGAAGTTAAGGCCTACTTC) and LukD_up_rev_BamHI (GGATCC
CTGTTAGAAATAGAGGAAGTTAAACCCGAAATTTAAGAGTTAAAQ), and downstream fragment, LukE_down_
for_BamHI (GGATCCAAGTTTCACTTTCTTTCTATATAAATTTTTAATACAAATTTATTCT) and attB2_LukE_down_rev
(GGGGACCACTTTGTACAAGAAAGCTGGGTCCATCTGGATTATCGTGAGT). Amplicons were digested using
BamHI-HF (NEB) and subsequently ligated with T4 DNA ligase (NEB). The plasmid pKORTAIUKED was pas-
saged via S. aureus strain RN4220 and electroporated into strain LAC. Integration and excision of the plasmid
into and from the chromosome of LAC were achieved by temperature shifts as described previously (67).
Deletion of lukED from the LAC chromosome and maintenance of virulence plasmids pUSAO1 and pUSA03
were verified by PCR and whole-genome sequencing.

Isolation of human PMNs. Human PMNs were isolated from heparinized venous blood of healthy
volunteers by using dextran sedimentation and Ficoll-Hypaque gradient centrifugation as described pre-
viously (68). The purity and viability of PMNs were determined by flow cytometry (FACSCalibur; BD
Biosciences) as described previously (68). PMN preparations typically contain 98 to 99% granulocytes,
and the viability was typically greater than 98%.

PMN lysis. Lysis of human PMNs was measured by the release of lactate dehydrogenase (LDH) using
the Roche cytotoxicity detection kit plus (LDH) (Roche Applied Sciences) and a microplate spectrophotome-
ter (SpectraMax plus; Molecular Devices) according to the manufacturer’s instructions and as described previ-
ously (19). In summary, bacteria were cultured to early-exponential (ODy,, of 0.75) or early-stationary (ODy,
of 1.75) phases of growth, washed with Dulbecco’s phosphate-buffered saline (DPBS), and opsonized with
50% normal human serum (NHS) for 30 min at 37°C with shaking. Opsonized bacteria were then resus-
pended at the desired concentration in RPMI 1640 medium (Invitrogen) buffered with 10 mM HEPES (RPMI/
H, pH 7.2). Bacteria were diluted in DPBS and plated on TSA in triplicates to verify CFU. For assays comparing
live and dead bacteria, staphylococci were heated at 95°C for 5 min or exposed to UV light (4,000 x 100 uJ/
cm? count down mode) using a Hoefer UV cross-linker (Thermo Fisher) and plated on TSA to ensure no via-
ble bacteria remained. All assays were conducted in 96-well flat-bottom plates precoated with 20% NHS for
30 min at 37°C. Unless indicated otherwise, 1 x 10° PMNs were incubated with 1 x 107 bacteria in a total
volume of 0.2 ml. Plates were centrifuged at 524 x g for 8 min at 4°C to synchronize phagocytosis and then
incubated at 37°C with 5% CO,. In some assays, lysostaphin (LS) (product number L7386, 6.5 U/10” CFU;
Sigma-Aldrich) was added to the PMN assays to kill extracellular bacteria. LS killed strain LAC efficiently using
our assay conditions, and wells containing PMNs plus LS alone (no bacteria) were used as controls. Where
indicated, cytochalasin D (CD) (product number C8273; Sigma-Aldrich) was used at 10 wg/ml to inhibit phag-
ocytosis. PMNs were incubated with CD or the combination of CD and LS for 15 min at 37°C with 5% CO,
prior to the addition of bacteria. The ability of CD to inhibit phagocytosis was verified for each experiment
by light microscopy (Zeiss Axioscope 5 and Zeiss EC Plan-Neofluar 100x oil objective lens; Carl Zeiss
Microscopy, LLC). Images were captured by using a Zeiss Axiocam 208 color camera (Carl Zeiss Microscopy,
LLC) (Fig. S1). CD failed to induce PMN lysis in control assays. Bacterial supernatant was generated for use in
neutrophil lysis assays as follows. Overnight cultures of LAC were diluted 1:100 into RPMI/H prewarmed at
37°C and grown for 3 h (~0Dj,, of 0.4) or 6 h (~0OD,, of 0.8). Cultures were then centrifuged at ambient
temperature for 10 min at 3,000 x g, supernatant was sterile filtered, and a 0.1-ml aliquot was added to wells
containing PMNs. Microplates were incubated at 37°C for the indicated times, and PMN lysis was determined
using the assay kit as described above. Untreated PMNs and bacteria alone were used as negative controls,
and PMNs treated with 3% Triton X-100 were used as positive controls for PMN lysis. Lysis caused by Triton
X-100 was set at 100%, and the percentage of lysis in samples was calculated by the following formula:
(ODy,mpe — OD — ODppin aione(ODpyintriton x-100 — ODpwin alone) X 100. Any negative values were set
to zero for subsequent analyses (minimum lysis is 0%).

Alternatively, neutrophil lysis assays were performed in the presence of an anti-LukG antibody. Purified
rabbit anti-LukG 1gG (23) and rabbit control IgG (catalog number 31235; Invitrogen) were incubated with
purified S. aureus protein A (product number 539202; Calbiochem) overnight at 4°C using a ratio of 1 ug
19G/1 g protein A. Anti-LukG and rabbit control IgG (189 wg/ml final concentration) were added to 1 x 10°
PMNs prior to the addition of the LAC or AlukGH strain (each at 1 x 107 CFU and grown to an ODy, of 0.75).
LS (6.5 U/107 CFU) was added 30 min after the start of the assay (after phagocytosis) to kill extracellular bac-
teria. Samples were incubated at 37°C for 3 h, and LDH release was measured as described above.

Phagocytosis assays. Synchronized phagocytosis assays were performed as described previously (31,
69). Briefly, LAC and isogenic mutant strains were cultured to the early-exponential phase of growth
(ODgy, of 0.75), washed with DPBS, and opsonized with 50% NHS. Opsonized bacteria (108 CFU) were la-
beled with fluorescein isothiocyanate (FITC) in DPBS (0.5 ml FITC solution at 50 wg/ml) for 30 min at ambi-
ent temperature in the dark with rotation and resuspended at the desired concentration in RPMI/H. Assays
with human PMNs (3 x 10° CFU/10° PMNs) were conducted in 24-well flat-bottom tissue culture plates
containing serum-coated coverslips as described previously (18) but with a few modifications. Plates were
centrifuged at 524 x g for 8 min at 4°C to synchronize phagocytosis and incubated for 40 min at 37°C
with 5% CO,. Samples were washed with DPBS, fixed with 4% paraformaldehyde for 15 min at ambient
temperature, and blocked with 5% goat serum for 30 min in the dark. Staining was performed with rabbit
anti-S. aureus antibody (S. aureus-spcific 1gG) at a 1:100 dilution (31), followed by Alexa Fluor 594-conju-
gated goat anti-rabbit IgG (catalog number A-11012; Thermo Fisher) at a 1:1,500 dilution for 30 min at am-
bient temperature. Nuclei were counterstained with NucBlue live ReadyProbes reagent (catalog number
R37605; Thermo Fisher) for 10 min at ambient temperature in the dark, and samples were mounted with
ProLong gold antifade mountant (catalog number P36934; Thermo Fisher). Extracellular and intracellular
bacteria were quantitated by fluorescence microscopy using 50 PMNs in at least 5 random fields of view
(Zeiss Axioskop 2 plus). The percentage (%) of internalized bacteria was calculated according to the follow-
ing formula: [(bacteriay,.., — bacteria )/bacteria, .| x 100 = bacteria, o maiized (31)-

bacteria alone
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Differential permeabilization assay with digitonin. A differential permeabilization assay using digi-
tonin was adapted from Checroun et al. (32). In brief, LAC was cultured to the early-exponential-growth
phase and opsonized with 50% NHS for 30 min at 37°C with shaking. Opsonized bacteria were washed
with DPBS, labeled with FITC, washed again, and resuspended in RPMI/H. FITC-labeled LAC (2 x 10° CFU)
was then added to wells containing 1 x 10° PMNs (2:1 bacterial cell/PMN ratio) on coverslips precoated
with NHS in sterile 24-well plates. Plates were centrifuged at 524 x g for 8 min at 4°C to synchronize phag-
ocytosis and subsequently incubated at 37°C with 5% CO, for 0.5 to 3 h. At the indicated time points,
supernatants were aspirated and samples washed once with RPMI/H. To visualize plasma membranes, live
cells were stained with 0.3 ml of a 1:100 dilution of mouse anti-human CD16-AF647 monoclonal antibody
(no. 239275; Abcam) for 30 min in the dark at ambient temperature. Samples were then fixed with 4%
paraformaldehyde in DPBS (15 min at ambient temperature), washed three times with DPBS, and perme-
abilized at ambient temperature with either 0.3 ml 0.3% Triton X-100 for 10 min or 0.2 ml digitonin diluted
in RPMI/H to 10 wg/ml (2 1g/10° PMNSs) for 1 min. After permeabilization, samples were washed 3 times
with DPBS, and those containing bacteria were blocked with 0.25 ml 5% goat serum (30 min at ambient
temperature in the dark). Samples were labeled with anti-S. aureus primary antibody and goat anti-rabbit
19G-AF594 secondary antibody as described for the phagocytosis assays above. In some assays, PMNs per-
meabilized with 0.3% Triton X-100 were stained with a 1:2,000 dilution of rabbit anti-LAMP1 antibody con-
jugated to Cy3 (product number L0419; Sigma-Aldrich) to visualize phagosomes. Nuclei were stained with
NucBlue live ReadyProbes reagent (Thermo Fisher) for 10 min at ambient temperature in the dark, and
samples were mounted with ProLong gold antifade mountant (Thermo Fisher). In preliminary experiments,
we determined the digitonin treatment conditions needed to selectively permeabilize the PMN plasma
membrane. These treatment conditions do not permeabilize the phagosome membrane. For this process,
we first titrated digitonin on fixed (4% paraformaldehyde) uninfected PMNs and stained the PMNs for cyto-
plasmatic actin using phalloidin-AF488 (catalog number A12379; Invitrogen). We then selected the lowest
concentrations and shortest durations of digitonin treatment that yielded consistent phalloidin (actin)
staining in human PMNs. We performed a similar series of experiments to determine the conditions for
staining intracellular LAC using the combination of anti-S. aureus antibody and goat anti-rabbit IgG-AF594
antibody. We determined that 2 ug digitonin/10° PMNs (in 0.2 ml final volume) for 1 min at ambient tem-
perature permitted cytoplasmic staining of actin but did not permeabilize the phagosome membrane. For
positive controls, LAC-containing PMNs were treated with 0.3% Triton X-100 in DPBS to permeabilize the
plasma- and phagosome membranes. Samples were stained with anti-S. aureus antibody/goat anti-rabbit
1gG-AF594. Uninfected, CD16-stained PMNs served as controls for quality of the CD16 staining at all times
tested. Images were acquired using a Zeiss laser scanning confocal microscope (LSM 880) driven by ZEN
version 2.3 software (Carl Zeiss Microscopy, LLC). Data were generated in four independent experiments,
and 50 PMNs/sample were used for quantification purposes. PMNs were quantified as CD16" when the
cell shape was clearly visible by CD16 stain alone, even if the staining was punctate, and the transmitted
light channel (T-PMT) was used to confirm PMN morphology. PMNs were quantified as CD16~ when no
signal was visible and there was no clear cell outline. Laser power and gain settings for the CD16 signal
were initially set to that of the uninfected PMNs at 30 min or, in case of the anti-S. aureus antibody/AF594
signal, to LAC-containing PMNs permeabilized with Triton X-100 and then applied to all samples. The sig-
nal intensities for all channels were not adjusted manually prior to scoring or assembly of the figures.

Statistical analysis. Statistics were determined using GraphPad Prism (version 8.4.4; GraphPad
Software, LLC). Data were assessed for normal distribution by the Shapiro-Wilk test. A paired t test was
used for comparisons of two data sets only. A one-way or repeated-measures analysis of variance
(ANOVA) with posttest was used to compare three or more data sets. The influence of bacterial cell/PMN
ratio and time on PMN lysis was determined by two-way ANOVA with Geisser-Greenhouse correction
and Tukey's posttest. Where sample matching was not possible, we used a mixed-effects analysis and
appropriate posttest. Data are presented as the mean value * standard deviation. Significance values
are indicated as follows: *, P < 0.05; **, P < 0.01; ***, P < 0.001; and ****, P < 0.0001.
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