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Staphylococcus aureus (S. aureus) can secrete a broad range of virulence factors,
among which staphylococcal serine protease-like proteins (Spls) have been identified
as bacterial allergens. The S. aureus allergen serine protease-like protein D (SpID)
induces allergic asthma in C57BL/6J mice through the IL-33/ST2 signaling axis. Analysis
of C57BL/6J, C57BL/6N, CBA, DBA/2, and BALB/c mice treated with intratracheal
applications of SpID allowed us to identify a frameshift mutation in the serine (or
cysteine) peptidase inhibitor, clade A, and member 3| (Serpina3i) causing a truncated
form of SERPINASI in BALB/c, CBA, and DBA/2 mice. IL-33 is a key mediator of
SplD-induced immunity and can be processed by proteases leading to its activation
or degradation. Full-length SERPINASI inhibits IL-33 degradation in vivo in the lungs of
SplD-treated BALB/c mice and in vitro by direct inhibition of mMCP-4. Collectively, our
results establish SERPINASI as a regulator of IL-33 in the lungs following exposure to
the bacterial allergen SpID, and that the asthma phenotypes of mouse strains may be
strongly influenced by the observed frameshift mutation in Serpina3i. The analysis of
this protease-serpin interaction network might help to identify predictive biomarkers for
type-2 biased airway disease in individuals colonized by S. aureus.

Keywords: allergy, asthma, IL-33, S. aureus, SpID, type 2 immunity
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Mouse Strain-Dependent Regulation of IL-33

INTRODUCTION

Several type 2 airway diseases, such as allergic rhinitis, chronic
rhinosinusitis with nasal polyps, and allergic asthma are
associated with nasal colonization by Staphylococcus aureus
(S. aureus) (1, 2). S. aureus can secrete a wide range of
virulence factors, among which staphylococcal serine protease-
like proteins (Spls) have been identified as bacterial allergens
and inducers of allergic asthma in C57BL/6] mice by activating
the IL-33/ST2 signaling axis (3, 4). Spl-specific IgE levels are
increased in asthmatic patients compared to healthy controls,
and detectable amounts of Spls have been found in nasal
polyp tissue (3, 4). Strikingly, 25-30% of the general population
are persistently colonized with S. aureus and up to 69% are
intermittent or occasional S. aureus carriers (5). Even though
there is strong evidence for S. aureus being an inducer, enhancer,
and driver of chronic inflammatory airway diseases (3, 6-9),
it is not understood why not all persistent S. aureus carriers
develop a chronic inflammatory response toward it. Since
S. aureus exposure on its own cannot explain the pathogenesis, a
genetic predisposition might be underlying the response toward
S. aureus.

IL-33 is an innate cytokine of the IL-1 family, which is
expressed in epithelial, endothelial (10), and smooth muscle
cells (11), as well as in fibroblasts, activated mast cells (12),
and dendritic cells (13), and released upon allergen exposure or
during necrosis (14, 15). IL-33 mediates Th2 cytokine production
in innate lymphoid cells type 2 (ILC2s), Th2 cells, and invariant
natural killer T cells by binding to its membrane bound receptor
ST2 (13, 16-19). Like other IL-1 cytokine family members, the
cytokine activity of IL-33 can be regulated by proteolytic cleavage
(20). When it is cleaved by endogenous proteases or proteolytic
allergens in the cleavage/activation domain, the cytokine activity
of IL-33 is increased (21-25). Inactivation of IL-33 occurs by
cleavage in the IL-1-like cytokine domain through endogenous
proteases such as the human neutrophil proteinase 3, the human
mast cell chymase and the murine chymase mouse mast cell
protease 4 (mMCP-4), or by the caspases 3 and 7 in humans and
mice (26-29).

Endogenous protease activity is, in turn, under tight regulation
of serine protease inhibitors, such as serpins. Serpins inhibit
proteases with their C-terminal reactive center loop (RCL). Upon
cleavage in the RCL, they form SDS-stable complexes with their
target proteases by covalent binding (30). The murine Serpina3i
is expressed at low levels in the lungs, thymus, and spleen during
homeostasis (31).

In the present study we have identified SERPINA3I as a
novel regulator of IL-33 processing in a murine asthma model.
Interestingly, BALB/c mice carry a frameshift mutation in the
Serpina3i gene, leading to faster cleavage of IL-33 upon serine
protease-like protein D (SpID) exposure. This observation may
explain the lack of a type 2 inflammatory response upon SplD
challenge of the lungs. Our results suggest that SERPINA3I is
important for controlling inflammatory reactions in mice.

The aim of this study was to find the underlying genetic
difference between BALB/c and C57BL/6] mice leading to the
different response toward SplD.

MATERIALS AND METHODS

Recombinant Protein Production

Recombinant SplD was produced in the Bacillus subtilis strain
6051HGW LS8P-D, which lacks the proprietary proteases
WprA, Epr, Bpr, NprB, NprE, Vpr, Mpr, and AprE, as
previously described in detail (3, 4). SplD was purified
from the cell-free supernatants by means of ion-exchange
chromatography on an SP Sepharose Fast Flow column (GE
Healthcare, Fairfield, CT, United States), followed by a 2-
step purification with centrifugal filter units (Amicon Ultra
30K/10K, Merck Millipore, Billerica, MA, United States). The
buffer was exchanged to PBS and the quality of the native
SplD preparation was verified by using SDS-PAGE. Recombinant
full-length, C-terminal HIS tagged SERPINA3I (isoform X3;
NCBI reference sequence: XP_017170642.1) was produced in
HEK293 cells by ProSpec-Tany Technogene Ltd. (Rehovot,
Israel). The purified protein was endotoxin low (<0.01 EU/pg)
and provided in PBS. Proteolytically active mMCP-4 was
produced and activated essentially as previously described in
Andersson et al. (32).

Mice and Treatment Protocols

Female C57BL/6JRj (C57BL/6J), C57BL/6NRj (C57BL/6N),
BALB/CJRj (BALB/c), CBA/JRj (CBA), and DBA/2 JRj
(DBA/2) wild-type mice (Janvier Labs, Saint-Berthevin
Cedex, France) were 6-8 weeks old during the treatment
protocols. Animals were kept under standard conditions,
in the individually ventilated (IVC) cages, 12 h light/dark
cycle, access to food and water ad I[libitum. All animal
experiments were approved by the local ethics committees
of Ghent University.

For the short-term treatment, mice were treated with an
intratracheal (i.t.) application of either 50 wL PBS or 50 pg
SpID in 50 pL PBS once and euthanized 6 or 12 h after
the single treatment. For the long-term sensitization protocol,
C57BL/6], C57BL/6N, CBA, DBA/2, and BALB/c mice were
treated with six i.t. applications of either 50 pL PBS (Gibco,
Erembodegem, Belgium) or 45 pg SpID in 50 wL PBS with one
additional application of 50 wL PBS every 2 days. Additional
groups of BALB/c mice were treated with either 50 wL PBS and
200 ng murine IL-33 (Peprotech, Rocky Hill, NJ, United States)
in 50 pL PBS or with 45 pg SplD in combination with
200 ng of IL-33 in 50 wL PBS (SplD + IL-33) in the same
manner as the other treatment groups. All mice underwent light
anesthesia by inhalation of isoflurane/air (Ecuphar, Oostkamp,
Belgium) during every application. 48 h after the last it
application, mice were euthanized with an intraperitoneal
injection of 100 wL nembutal (Ceva Santé Animale, Libourne,
France). For the reconstitution of SERPINA3I BALB/c, mice
received 50 pg SplD in combination with 5 pg SERPINA3I
(SpID + SERPINA3I), or sole 5 pg SERPINA3I, and were
euthanized after 12 h. Serum, bronchoalveolar lavage fluid
(BALF) and lungs were collected and processed as previously
described (4). All experimental protocols are summarized in
Supplementary Table 2.
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Organ Processing

Blood was collected in EDTA Microvettes 200Z (Sarstedt,
Nimbrecht, Germany) and centrifuged for 10 min at 3000 rpm.
Serum was collected and stored at -20°C before further
analysis. BALF was collected by rinsing the airways three
times with 0.3 mL of 1% bovine serum albumin (BSA; Sigma
Aldrich, Diegem, Belgium) in PBS with complete protease
inhibitor cocktail (Roche Diagnostics, Anderlecht, Belgium)
and twice with 1 mL of 0.2% EDTA (Sigma-Aldrich) in PBS
and kept at 4°C. Red blood cells were lysed for 2 min
with VersaLyse buffer (Beckman Coulter, Krefeld, Germany),
and BALF cells were used for flow cytometry analysis.
The left lobe of the perfused lungs was fixed with 10%
formalin (Sigma-Aldrich) for paraffin embedding, while the
right lobes were either snap-frozen or minced and digested
with 1 mg/mL collagenase type II (Worthington Biochemical,
Lakewood, NJ, United States) for flow cytometry analysis. Snap-
frozen lungs were either used for protein or RNA extraction.
For protein extraction, they were homogenized by using
the Tissue Lyser LT (Qiagen, Antwerp, Belgium) for 2 min
at 50 oscillations/s with 10 times more w/v T-Per Tissue
Protein Extraction Reagent (Thermo Fisher Scientific) with
HALT protease inhibitor cocktail kit (Thermo Fisher Scientific).
After 10 min of centrifugation at 3000 rpm, supernatants
were collected and repeatedly centrifuged at 15,000 rpm for
three in each. The total protein concentration of the lung
homogenates was determined with the Bio-Rad Protein assay
(Bio-Rad Laboratories, Hercules, CA, United States) in the
collected supernatants.

Western Blotting

Thirty pg protein of lung homogenates were denatured
for 10 min at 95°C with sample buffer under reducing
conditions (sample buffer: Laemmli buffer with 5% B-mercapto-
ethanol and 0.25% Bromophenol blue) and loaded on 4-
15% mini-PROTEAN TGX Stain-Free Protein gels (Bio-
Rad), separated by means of SDS-PAGE and transferred to
a nitrocellulose membrane (Bio-Rad). For Western Blotting,
mouse IL-33 antigen affinity-purified polyclonal goat IgG
(dilution 1:300; R&D Systems) antibody was used with polyclonal
peroxidase labeled anti-goat IgG (H + L; 1:1000; Vector
Laboratories Inc., Burlingame, CA, United States); and mouse
anti B-actin primary antibody, clone AC-74 (1:5000; Sigma-
Aldrich), was used with polyclonal peroxidase labeled anti-
mouse IgG (1:2000; Invitrogen). Bands were visualized with
the Immobilon Western Chemiluminescence HRP substrate
(Merck Millipore). Semiquantitative analysis of band intensities
was performed by measuring the area under the peak of
plotted lanes with the Image] software (National Institutes of
Health, Bethesda, MD, United States). For all Western blot
quantifications, n = 4.

Luminex

Concentrations of murine IL-4, IL-5, and IL-13, and IL-33 in
lung homogenates were analyzed by using Luminex Performance
assays (R&D Systems, Abingdon, United Kingdom).

Periodic Acid-Schiff Staining

Deparaffinized and rehydrated 5-pm lung sections were stained
for mucus producing goblet cells by using the periodic acid-Schiff
kit (Sigma-Aldrich). Positively stained cells in airway with a
perimeter between 800 and 2000 pm were counted using the cell
counting tool in Image].

Total IgE and SpID-Specific IgE ELISA

Total serum IgE was measured with the Mouse IgE Ready-Set-
Go! ELISA Kit (affymetrix eBioscience, Vienna, Austria). The
SplD-specific IgE ELISA was performed as described previously
in detail by coating the plates with 5 pg/mL SpID, and specific
IgE was measured in serum.

Flow Cytometry

The following antibodies were used for identification of immune
cells: anti-mouse CD16/CD32 clone 93 (eBioscience), Grl-
FITC (Ly-66) clone RB6-8C5 (eBioscience), SiglecF-PE clone
ES22-10D8 (Miltenyi Biotec, Bergisch Gladbach, Germany),
CD11b-peridinin-chlorophyll-protein complex (PerCP)-Cy5.5
(eBioscience), F4/80-APC (BD Biosciences), CD8a-PerCp-
Cy5.5 clone 53-6.7 (eBioscience), CD4-FITC clone RM4-4
(eBioscience), MHCII clone M5/114.15.2 FITC (eBioscience),
CDl1lc PE-Cy7 clone HL3 (eBioscience), and LIVE/DEAD
Fixable Near-IR Dead Cell Stain Kit (Thermo Fisher Scientific).
Cells were stained for 30 min at room temperature and washed
with PBS; LIVE/DEAD Fixable Near-IR Dead Cell Stain Kit
(Thermo Fisher Scientific) was used for 10 min to exclude dead
cells. Cells were washed and analyzed by using flow cytometry
with the FACS Canto II (BD Biosciences).

RT-qPCR Analysis of mIL-33 and

Serpina3i Expression

For RNA extraction, cells were lysed with RLT buffer (Qiagen),
or frozen lung tissues were ground in liquid nitrogen, prior
to lysis in RLT (Qiagen). Lysed lung tissues were loaded
on the QIAshredder Mini Spin Columns (Qiagen). The RNA
was extracted from the cell lysate or QIAshredder Mini Spin
Columns eluate following the manufacturer’s instructions of the
RNeasy Mini Kit (Qiagen). DNA was digested using the RNase-
Free DNase Set (Qiagen). RNA concentrations were measured
with Nanodrop, and cDNA was synthesized with the iScript™
Advanced cDNA Synthesis Kit for RT-qPCR (Bio-Rad). For RT-
qPCR, mIL-33, and serpina3i were measured and normalized
to HRPTI and RTL32. The following primers were used (5'-
3/ direction):

HPRTI-Fwd: CCTAAGATGAGCGCAAGTTGAA; HPRTI-
Rev: CCACAGGACTAGAACACCTGCTAA; RTL32-Fwd: GG
CACCAGTCAGACCGATATG; RTL32-Rev: CCTTCTCCG
CACCCTGTTG; IL-33-Fwd: GCTGCGTCTGTTGACACATT;
and IL-33-Rev: CACCTGGTCTTGCTCTTGGT. Serpina3i
primers were purchased from Bio-Rad, intron-spanning
(@MmuCID0022819), and IlIrll (encoding ST2) Tagman
(QuantiTect Probe PCR Kit; Mm00516117_m1) was purchased
from Applied Biosystems. Amplification reactions were
performed on the Roche Light Cycler 480. PCR reactions
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containing 5 ng/well sample cDNA were used with
1 x SsoAdvanced™ Universal SYBR® Green Supermix
(Bio-Rad) and 250 nM primer pairs in a final volume of 5 pL.
The PCR protocol consisted of 1 cycle at 95°C, 2 min, followed
by 44 cycles at 95°C, 5 s; 30 s at 60°C; and 1 s at 72°C. Ctand Tm
were calculated by the Roche LightCycler 480 software (Roche
Molecular Systems Inc., Pleasanton, CA, United States), and the
relative expression of the genes of interest was normalized to the
expression of the reference genes HPRT1 and RTL32 in gbase™
(Biogazelle, Zwijnaarde, Belgium).

Enzymatic IL-33 Cleavage Assay

One and a half pg of recombinant activated mMCP-4 (0.1 mg/mL
in PBS) were incubated alone or with 1.5 pg (1:1 ratio), 7.5 pg
(1:5 ratio), or 15 pg (1:10 ratio) of recombinant SERPINA3I
(0.1 mg/mL in PBS) for 1 h at 37°C; 12.5 ng of recombinant
murine IL-33 (Peprotech, 210-33, Rocky Hill, NJ, United States)
in PBS were added to each mixture and incubated again for 1 h
at 37°C. Thereafter, samples were denatured (10 min, 95°C with
sample buffer) under reducing conditions and loaded on a precast
gel (4-15% Mini-PROTEAN TGX Stain-Free Precast Gels, Bio-
Rad) to perform SDS-PAGE. IL-33 Western Blot was performed
as mentioned above.

Bioinformatics

Sequence variation data (release v5) from the Mouse Genome
Project (33) was used for comparative analyses of the C57BL/6N,
CBA, DBA/2, and BALB/c strains relative to the C57BL/6]
reference strain. In total, a list of 352 indels affecting the protein
coding sequence in at least one of the mouse strains was retrieved
using a custom Perl script.

Statistics

Analysis of data obtained in animal studies was performed using
the GraphPad prism version 7 software (GraphPad Software, La
Jolla, CA, United States) and one-way ANOVA or Kruskal-Wallis
test followed by Tukey multiple comparison or Dunn’s multiple
comparison tests, respectively.

RESULTS

Lack of Type 2 Airway Inflammation in
Repeatedly SpID-Exposed BALB/c Mice

C57BL/6] mice respond to repeated intratracheal applications
of SpID with key features of allergic asthma (Figure 1A).
However, BALB/c mice merely increased total BALF cell numbers
(Figure 1A). Eosinophils and neutrophils were nearly absent in
SplD-treated BALB/c mice, while C57BL/6] mice showed a strong
eosinophilic response toward SpID in the BALF (Figures 1B,C).
Goblet cell hyperplasia was not observed in SplD-treated BALB/c
mice, in contrast to C57BL/6] mice (Figure 1D). Measurable
titers of SplD-specific serum IgE could only be detected in SpID-
treated C57BL/6] mice (Figure 1E), and total IgE titers were not
different between SplD-sensitized and PBS control BALB/c mice,

while a significant up-regulation occurred in the SplD-sensitized
C57BL/6] mice (Figure 1F).

Basal and SplD-induced IL-33 mRNA levels, as determined
by quantitative RT-qPCR, were similar in the lungs of BALB/c
and C57BL/6] mice after 2 weeks of treatment with PBS
or SplD (Figure 1G). In contrast, IL-33 protein levels were
significantly elevated in SplD-treated C57BL/6] mice but did
not change significantly in BALB/c mice compared to the
PBS-treated controls (Figure 1H). Less prominent bands of
full length (30 kDa; IL-33p;) and mature IL-33 (18 kDa;
IL-33)1) was observed by Western blotting in SplD-treated
BALB/c mice compared to C57BL/6] mice after 2 weeks of
treatment (Figure 1I).

Diminished Airway Inflammation in
BALB/c Mice Is Associated With Faster
IL-33 Cleavage Upon a Single

Application of SpID

IL-33 expression was measured in the lungs of C57BL/6] and
BALB/c mice 6 and 12 h after a single i.t. application of SpID. 6 h
after SpID exposure, the IL-33 mRNA levels were not significantly
increased and were comparable between C57BL/6] and BALB/c
mice. However, 12 h after SpID exposure, significantly higher
IL-33 mRNA levels were observed in BALB/c mice, while in
C57BL/6] mice a statistically insignificant trend to increased
IL-33 mRNA levels was observed (Figure 2A). In contrast to
mRNA expression, IL-33 protein levels were significantly up-
regulated in both mouse strains 6 h after a single i.t. application
of SpID. The levels were significantly decreased 12 h after
SpID application in both mouse strains compared to 6 h after
SplD exposure (Figure 2B). When comparing full length IL-
33p; of BALB/c and C57BL/6] mice after 6 and 12 h of
a single application of SplD using western blotting analysis,
there was a strong increase of IL-33pp in both strains, but in
BALB/c mice, the proteolytic processing of IL-33g; and IL-
33M was accelerated (Figure 2C). In BALB/c mice, the bands
representing IL-33p;, and IL-33)y; were most pronounced after
6 h and declined 12 h after SpID treatment. On the contrary,
IL-33p;, levels were comparable after 6 and 12 h of SplD
treatment in C57BL/6] mice, and IL-33); was increased only after
12 h (Figure 2C).

Taken together, the lower IL-33 protein amounts in BALB/c
mice at 12 h after a single application and 48 h after repeated
applications could be indicative of an increased activity protease
cleaving IL-33 in the lungs of BALB/c.

Local Administration of Recombinant
IL-33 in SpID-Treated BALB/c Mice

Restores the Allergic Response

We aimed to compensate the lack of IL-33 in BALB/c mice
by intratracheal applications of exogenous IL-33 directly after
each SplD application. After the addition of IL-33 to SplD, the
percentage of eosinophils in the BALF was significantly elevated,
while the percentage of neutrophils was decreased without major
effect on the total cell number in BALF (Figures 3A-C). The
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FIGURE 1 | Lack of type 2 airway inflammation and increased IL-33 cleavage in SpiD-exposed BALB/c mice. C57BL/6J and BALB/c mice received six i.t.
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applications of PBS or SpID and 48 h after the last application the samples were collected. (A) total cell count, (B) percentage of eosinophils, (C) Goblet cell count in
airways with 800-2000 wm perimeter of periodic acid-Schiff-stained lung sections, and (D) neutrophils of bronchoalveolar lavage fluid (BALF). (E) SplD-specific and
(F) total IgE measured by ELISA in sera of mice. (G) relative mRNA levels and (H) protein levels of IL-33 in lungs determined by RT-gPCR and Luminex, respectively.

() Western blotting of mouse lungs stained for IL-33 and B-actin. One representative blot is shown. Data are presented as mean + SD. n = 4-15. *P < 0.05;

P < 0.01; P < 0.001.
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FIGURE 2 | Early degradation of IL-33 in SpID-exposed BALB/c mice. (A) mRNA levels and (B) protein levels of IL-33 6 and 12 h after PBS or SpID challenge in
lungs, determined by RT-gPCR and Luminex, respectively, and (C) western blotting of mouse lungs collected 6 and 12 h after a single application of SpID in
C57BL/6J or BALB/c mice stained for IL-33 and B-actin. One representative blot is shown. Data are presented as mean + SD. n = 3-8. *P < 0.05; **P < 0.01.

combined treatment with SplD + IL-33 induced an up-regulation
of CD4™ T cells in the BALE, compared to the SplD or IL-33
only treatment groups (Figure 3D). The numbers of CD8™ cells
in the BALF did not significantly differ between the treatment
groups (Figure 3E). In the lungs, the percentage of eosinophils
was significantly elevated in mice that received SpID + IL-
33 compared to all control groups (Figure 3F). BALB/c mice
treated with IL-33 alone or in combination with SplD showed
elevated percentages of MHCITTCD11c™ dendritic cells in the
lungs (Figure 3G). The levels of IL-5 were below detection
levels in the lungs of BALB/c mice treated with SpID, and no
up-regulation could be seen after treatment with IL-33 or a
combination of IL-33 and SplD (Supplementary Figure 2B).

The levels of IL-4 and IL-13 also remained very low in all
experimental groups without significant difference compared
between the groups (Supplementary Figures 2A,C). SplD-
specific serum IgE (Figure 3H) and total serum IgE (Figure 3I)
were significantly up-regulated in the SplD + IL-33 group. Thus,
the addition of exogenous IL-33 could sensitize BALB/c mice to
SplD, while SplD given alone did not stimulate IgE production
in these mice. Goblet cell hyperplasia was observed in the IL-
33 only and the SplD + IL-33 groups, indicating that goblet
cell formation and mucus production are strongly dependent
on IL-33 (Figures 3J,L). IL-33 supplementation restored the up-
regulation of IlIr]l mRNA in BALB/c mice to a comparable
degree as in C57BL/6] mice, suggesting that the rapid cleavage
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FIGURE 3 | Supplementation with IL-33 restores the asthmatic response and has a synergistic effect on SpID-induced allergic sensitization in BALB/c mice. BALB/c
wild-type mice were treated with six i.t. applications of PBS, SpID, IL-33 or SpID + IL-33 every second day. 48 h after the last application, mice were euthanized, and
samples were collected. (A) Total cell count and percentage of (B) eosinophils, (C) neutrophils, (D) CD4 + T cells, and (E) CD8 + T cells in the BALF were
determined by flow cytometry. Percentage of (F) eosinophils and (G) MHCII + CD11c + dendritic cells (DCs) in the lungs were determined by flow cytometry.

(H) SpID-specific IgE and (1) total IgE in sera of mice, measured by ELISA; the black line indicates the background optical density. (J) Goblet cell count in airways of
800-2000-um perimeter in periodic acid-Schiff-stained lung sections. (K) Relative //7r/7 mRNA expression in lungs. (L) representative images of periodic
acid-Schiff-stained lung sections. Data are presented as mean + SD. n = 4-15. *P < 0.05; **P < 0.01; **P < 0.001.

of IL-33 explains the absence of ST2 induction in BALB/c mice
that were treated with SplD alone (Figure 3K).

CBA and DBA/2 Mice Present a
Diminished Type 2 Response Toward
SpID While C57BL/6N Mice Are Identified

as SpID Responders

C57BL/6N, CBA, and DBA/2 mice were tested in addition to
C57BL/6] and BALB/c mice to define SplD responders and non-
responders in order to facilitate the search for the genetic cause
underlying the different inflammatory responses toward SplD.
We compared the relative magnitude of inflammatory response
parameters in different mouse strains and presented the data in
radar graphs where the highest mean value of each parameter
amongst all five tested strains was taken as one hundred percent
(Figure 4A). SplD-treated C57BL/6] mice showed the strongest
response in all measured parameters, which indicate a Th2-
biased inflammation, but not in those reflecting their neutrophil
and CD8" T cell responses (Figure 4A). C57BL/6N mice
show a comparable reaction pattern as C57BL/6] mice upon
SpID treatment, even though the magnitude of response was
significantly reduced and the total cell numbers in BALF cells
were not increased (Figure 4B). BALB/c mice did not develop
a Th2 inflammation in response to SplD. There was, however, an
increase in CD8™ T cells, but as shown in Figure 3E, the numbers

of CD8' T cells in the BALF were low (Figure 4C). DBA/2
mice presented with a very weak response toward SplD, which
was, however, neutrophilic rather than eosinophilic (Figure 4D).
CBA mice responded in a manner comparable to DBA/2 mice,
but neutrophil and T cell counts were lower than in the PBS
control group of this strain (Figure 4E). Goblet cell hyperplasia
was only found in SpID-treated C57BL/6] and C57BL/6N mice
(Figure 4). The data of each measured parameter of C57BL/6N,
DBA/2, and CBA mice with the statistical analysis can be
found in Supplementary Figure 1. We classified BALB/c, CBA,
and DBA/2 mice as SplD non-responder strains due to the
weak or absent type 2 inflammatory response in comparison
to C57BL/6] and C57BL/6N mice, which were defined as SplD-
responder strains.

Genome Wide Comparison of SpiD
Responder and Non-responder Strains

Sequence variation data (release v5) from the Mouse Genome
Pro (33) was used for comparative analyses of the C57BL/6N,
CBA, DBA/2, and BALB/c strains relative to the C57BL/6]
reference strain. In total, a list of 352 indels affecting the
protein coding sequence in at least one of the mouse strains
was retrieved using a custom Perl script. Out of this list, 116
frameshift mutations and nine stop-codon-inducing frameshift
mutations were selected for further analysis as these mutations
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FIGURE 4 | C57BL/6J and C57BL/6N mice respond to SpID with key features of allergic asthma, while BALB/c, CBA, and DBA/2 mice lack a clear type 2 response.
Radar graphs, presenting relative values of measured parameters from (A) C57BL/6J, (B) C57BL/6N, (C) BALB/c, (D) DBA/2, and (E) CBA mice treated repeatedly
with PBS or SpID. Per parameter, the highest mean value between the groups was set at one hundred percent.

are expected to exert the most severe effects on the function
of the encoded proteins. These variant consequences, predicted
by the Ensembl Variant Effect Predictor (VEP), were further
investigated using CLC Main Workbench to predict if the main
transcript is affected and if the frameshift possibly affects the
function of the mutated gene product. In 20 genes, frameshift
or stop frameshift mutations were identified upstream or in their
active domain. These 20 genes were studied by literature research
to find pro- and contra-arguments for them being crucial for
the asthmatic response toward SplD (Supplementary Table 1).
Our workflow (Figure 5) allowed us to identify Serpina3i and
CXCL-11 as the most promising candidates. CXCL-11 mRNA
was not detectable by RT-qPCR in the lungs of SplD-treated
mice in any of the five mouse strains (data not shown) and was
therefore excluded.

SERPINA3I—Homology Model

Mice harbor an unusually large group of Serpina3 genes as a
result of extensive gene duplication and diversification, which in
turn encode for 13 closely related SERPINA3 protein products,
albeit with differing target specificities and biodistribution. The
high level of sequence similarity shared by murine SERPINA3
proteins essentially guarantees a highly conserved core structure.
To this end, murine SERPINA3I displays a 74% sequence identity
to SERPINA3N (Figure 6A) for which the high resolution crystal

structure is available. We harnessed the high sequence homology
of the two proteins and the available structural information
to construct a homology model for SERPINA3I (Figure 6B).
Thus, SERPINA3I is expected to adopt a fold displaying a main
central beta-sandwich consisting of two beta-sheets flanked by
a cluster of 7-9 alfa helices. This sets the structural stage for
a third beta-sheet at the top of the fold to help project the
flexible RCL. The RCL contains an enzyme cleavage site (P1-
P1’), which is located at the C-terminus of the protein. RCL
is expected to be cleaved by a target protease at P1 and P1;
leading to its covalent attachment via the main carbonyl carbon
of the P1 residue of the SERPINA3I. This would be expected to
establish a stable complex between SERPINA3I and a protease,
such as mMCP-4 leading to the inhibition of mMCP-4. The
frameshift mutation in serpina3i was stated in the sanger mouse
genome sequencing database (rs242560633). The sequence lacks
a cytosine at bp747, which results in a frameshift at residue
Cys249 and a stop codon after residue 251. As the RCL starts
at G357 (31), the mutated Serpina3i is predicted to result in
an unfunctional protein. In C57BL/6] and C57BL/6N mice,
SERPINA3I is predicted to be full length, comprising 408 amino
acids (NP_001186869.1).

To obtain insights into the structural and functional
consequences of the identified frameshift mutation, we compared
the sequences of full-length and truncated SERPINA3I to the
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FIGURE 5 | Workflow scheme for the identification of the relevant gene(s) responsible for asthma development upon SpID exposure. Genomes of SpID responders
(C57BL/6J and C57BL/6N mouse strains) were compared to the genomes of SpID non-responders (BALB/c, CBA and DBA/2 mouse strains). The indels specific for
SpID responders were further analyzed for their consequence on the gene product, and the frameshift mutations were selected as the mutations affecting protein

closely related SERPINA3N (Figure 6A) and constructed a
homology model of SERPINA3I based on the crystal structure
of the mouse SERPINA3N (34) (Figure 6B). Our analyses
illustrate that the predicted protein product of Serpina3i in
mouse strain BALB/c would display a debilitating sequence
truncation from Cys259 onward that includes the RCL and
would prevent the protein from folding to a functional form
(Figures 6A,B). Thus, the observed deletion would ultimately
cause deficiency in SERPINA3I in BALB/c mice and other mouse
strains bearing the same mutation. A public online tool' is
available to analyze different mouse strains having the same
Serpina3i frameshift mutation (35). Gene expression of Serpina3i
in mouse lungs collected 6 h after a single i.t. application

Uhttp://bioit2.irc.ugent.be/prx/mousepost/Home.php

of PBS or SplD showed no significant up-regulation in SplD-
treated mice. Furthermore, Serpina3i mRNA was up-regulated in
response to IL-33 + SplD treatment in BALB/c mice suggesting
a possible involvement of SERPINA3I in IL-33 signaling or
regulation (Figure 7A). In other mouse strains, no difference in
gene expression of Serpina3i after a single i.t. application SplD
was observed. Importantly, the observed difference in Serpina3i
gene expression difference does not fully reflect the observed
phenotypic difference since a truncation of the gene in the non-
responder mouse strains BALB/c, CBA, and DBA/2 would result
in an unfunctional protein.

SERPINAS3I Decelerates IL-33
Degradation via mMCP-4

To test the functional activity in vivo, recombinant full-length
SERPINA3I was administered intratracheally directly after SpID
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FIGURE 7 | Serpina3i mRNA expression is up-regulated in mouse lungs upon SpID and IL-33 exposure and decelerates IL-33 degradation in vivo and in vitro.

(A) relative MRNA expression of Serpina3i in lungs 6 h after a single i.t. application of PBS or SpID in C57BL/6J, C57BL/6N, DBA/2, CBA, and BALB/c mice as well
as BALB/c mice 6 h after IL-33 or SpID + IL-33 i.t. treatment determined by RT-gPCR. Relative mRNA levels determined by RT-gPCR of IL-33 (B) and /71

(D) determined by RT-PCR. IL-33 protein determined by (C) Luminex and (E) Western blot in mouse lungs of BALB/c mice 12 h after PBS, SpID, SERPINASI, or
SpID + SERPINAZI treatment. Data are presented as mean + SD. n = 5-9. (F) IL-33 Western blot of recombinant mature murine IL-33 (20 kDa) co-incubated with
mMCP-4 for 1 h with and without 1 h preincubation with increasing concentrations of SERPINA3I. One representative blot of three independent experiments is
shown. *P < 0.05; **P < 0.01.

to BALB/c mice. SERPINA3I treatment did not cause any up-
regulation of IL-4, IL-5, or IL-13 in the lungs of BALB/c mice
(Supplementary Figures 2D-F), while, IL-33p; and IL-33y

protein levels were significantly higher in the lungs of mice
receiving SplD + SERPINA3I than when SpID was administered
alone (Figure 7C). As expected the IL-33 and IlIrlI mRNA
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expression levels were not significantly changed (Figures 7B,D).
The analysis of the cleavage bands of IL-33 by Western blot
revealed that both IL-33p; and IL-33p; were increased in
SpID + SERPINA3I-treated mice (Figure 7E). These results
indicate that SERPINA3I can decelerate the degradation of IL-
33py, that was induced by in vivo application of SpID. Moreover,
preincubation of mMCP-4 with SERPINA3I prevents mMCP-4-
induced enzymatic degradation of recombinant murine IL-33y
in a dose-dependent manner (Figure 7F).

DISCUSSION

In this study, we have demonstrated that the allergic response
toward the S. aureus protease SplD is mouse strain dependent.
Our data suggest that rather than differences in S. aureus
strains, the genetic variability of the host could be an important
determinant of the immune response to Spls in human S. aureus
carriers. In humans that are naturally exposed to S. aureus, the
quality of the Spl-specific antibody and T-cell response is strongly
biased toward a Th2 profile on average with extensive variation
between individuals (3). This could partially be explained by
differences in exposure to Spls, which are encoded in around
80% of clinical S. aureus isolates. Our data, however, suggest
that genetic differences affecting the posttranslational IL-33
regulation could also play a role.

While C57BL/6] and C57BL/6N mice show typical features
of allergic asthma, this response is lacking or significantly
diminished in BALB/c, CBA, and DBA/2 mouse strains. C57BL/6
and BALB/c mice have often been referred to as Thl-prone
or Th2-prone strains, respectively (36). In striking contrast,

C57BL/6 mice presented a higher eosinophilic Th2-biased
response than BALB/c mice in our SplD sensitization model.
A stronger eosinophilic response in C57BL/6 mice compared
to BALB/c mice has been described previously in other murine
asthma models using OVA/alum, house dust mite extract
or the house dust mite allergen Der p 1 (37-40). In the
mentioned models, however, BALB/c mice still developed a weak
eosinophilic response, which might be due to the activation of
other pathways next to the IL-33/ST2 signaling axis. We have
shown previously that the type 2 inflammatory response toward
SpID and lung infiltration with IL-13" type innate lymphoid
cells and IL13" CD4" T cells in C57BL/6] mice is mainly
mediated by IL-33 (4). In this study, we found that C57BL/6] and
BALB/c mice also differ in their post-translational regulation of
IL-33. A single intratracheal application of SpID caused an up-
regulation of IL-33 in both mouse strains after 6 h; however,
IL-33 was degraded more rapidly in BALB/c than in C57BL/6]
mice. In line with these results, C57BL/6 mice responded to
long-term exposure to SplD with significantly increased Il1rl1
expression, while this was not the case in BALB/c mice. We
excluded an impairment in ST2 expression downstream of IL-
33 in BALB/c mice, because the administration of IL-33 restored
the up-regulation of IlIrlI and, in combination with SplD, led
to a strong eosinophilic response in BALB/c mice. Our observed
mouse strain dependence of the phenotype in the SplD asthma
model illustrates the importance of the genetic background when
testing a potential allergen in mice (Figure 8). The observed loss
of function mutation in Serpina3i could also explain other mouse
strain-dependent differences in allergic asthma, which have
previously been reported. Genetic differences in the regulation
of IL-33 could be determinants of allergic sensitization or
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FIGURE 8 | The role of SERPINA3I in the IL-33 regulation mechanisms in C57BL/6J and BALB/c mice upon SpID exposure. SpID administration to the murine
airway mucosa causes IL-33 release from alveolar epithelial cells type 2 (AECIIs), and Serpina3i up-regulation in the lungs. In the lungs, IL-33 triggers mast cells to
release murine mast cell protease 4 (MMCP-4), which can degrade IL-33. In C57BL/6J mice, functional SERPINASZI is present; it inhibits mMMCP-4 and thereby
prevents IL-33 degradation (shown in vitro). As a result, IL-33 triggers a type 2 inflammatory response via the IL-33/ST2 axis. BALB/c mice lack a functional
SERPINASI protein due to a mutation. Consequently, SpID-triggered IL-33 is degraded, and no type 2 inflammation is triggered. In BALB/c mice the administration of
an active form of recombinant IL-33 in excess additionally to SpID is leading to an inflammatory response comparable to C57BL/6J mice since the degradation of
IL-33 can be circumvented to the degree that the IL-33/ST2 signaling can take place.
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severity of airway diseases. In humans there are several single-
nucleotide polymorphisms (SNPs) upstream of the IL-33 gene,
which are associated with asthma prevalence (41); however, the
functional consequences of these SNPs is largely unknown. The
human SERPINA3 gene has expanded by gene duplication into
a cluster of 14 equivalent mouse SERPINA3 genes, Serpina3a-
n. Based on protein expression patterns, especially in the brain,
Serpina3n is considered as the murine orthologue of the human
SERPINA3 (31, 34). The murine SERPINA3N is known to
inhibit leukocyte elastase and cathepsin G (34), but the mast cell
chymase inhibitory function of a-1 anti-chymotrypsin, however,
could potentially be conserved in SERPINA3I and could explain
our observed mechanism. Mutations in SERPINA3 have been
described to have an impact in lung diseases. An association
between childhood onset asthma and a 1.4 kb gain mutation
downstream of SERPINA3 has been reported (42). Mutations in
SERPINA3 leading to decreased a-1 anti-chymotrypsin serum
levels were associated with the inflammatory lung diseases COPD
and emphysema (43). Our study revealed a novel IL-33 regulation
pathway of SERPINA3I inhibiting the IL-33 degrading mast cell
chymase mMCP-4, which could be, with the equivalent human
proteins, of general importance in allergic airway diseases (44).
The human SERPINA3 is a known mast cell chymase inhibitor
and could thus be relevant in IL-33 regulation (45).

The study of individual differences in this protease-serpin
interaction network may help to identify predictive biomarkers
for Th2-biased airway disease development, especially in
individuals colonized by S. aureus.
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Staphylococcus aureus Protein
A Induces Human Regulatory

T Cells Through Interaction With
Antigen-Presenting Cells

Julia Uebele, Katharina Habenicht, Olga Ticha and Isabelle Bekeredjian-Ding*

Division of Microbiology, Paul-Ehrlich-Institut, Langen, Germany

Despite continuous exposure and development of specific immunity, Staphylococcus
aureus (Sa) remains one of the leading causes of severe infections worldwide. Although
innate immune defense mechanisms are well understood, the role of the T cell response
has not been fully elucidated. Here, we demonstrate that Sa and one of its major virulence
factors protein A (SpA) induce human regulatory T cells (Tregs), key players in immune
tolerance. In human PBMC and MoDC/T cell cocultures CD4*CD25*CD1279™ Tregs
were induced upon stimulation with Sa and to a lower extent with SpA alone. Treg
induction was strongly, but not exclusively, dependent on SpA, and independent of
antigen presentation or T cell epitope recognition. Lastly, soluble factors in the
supernatant of SpA-stimulated MoDC were sufficient to trigger Treg formation, while
supernatants of MoDC/T cell cocultures containing Sa-triggered Tregs displayed T cell
suppressive activity. In summary, our findings identify a new immunosuppressory function
of SpA, which leads to release of soluble, Treg-inducing factors and might be relevant to
establish colonization.

Keywords: Staphylococcus aureus, Treg—regulatory T cell, lg-binding proteins, protein A, tolerance, immune
suppression, immune evasion, human

INTRODUCTION

The human commensal Staphylococcus aureus (Sa) is a major pathogen and leading cause of
nosocomial infections, resulting in tens of thousands of deaths worldwide and causing billions of
dollar economical damage per year (1-3). About 30% of the human population are colonized (4).
The increasing antibiotic resistance of Sa strains [so called MRSA, (5)], resulting in long-lasting
infections, illustrates the urgent need for a protective vaccine. However, despite promising
approaches during the last decades and successful in vivo studies, all vaccine attempts have failed
to date (6-8). One of the many reasons is the lack of essential pieces in understanding the complex
human immune response against this pathogen.

For many years, research focused on the humoral immune response against Sa since antibodies
against this bacterium can be found in asymptomatically colonized individuals as well as in patients
(9, 10). However recently, more and more research has been dedicated to T cell-mediated immunity,
demonstrating that this arm of the immune system plays an important role in Sa clearance. Several
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models of infection in mice and in human have shown that CD4"
T cells are important for the immune response to Sa, as reviewed
elsewhere in detail (6, 11, 12). Infections were more severe in
ifnyr-deficient mice (13) and patients with Thl-deficiencies are
more prone for infection (14). Lin at al. showed that protection
in vaccinated mice was caused by secretion of IFNy and IL-17
from CD4" T cells (15). Several others also proved that Th17-
mediated immunity is essential during Sa infection (16-19).
Furthermore, we and others demonstrated that a human
memory T cell repertoire exists in healthy individuals (20-22),
underlining the importance of previous exposure.

One of the many reasons, Sa is such a potent immune
activator is its vast variety of virulence factors, among them
staphylococcal protein A (SpA). This cell-wall anchored protein
(23) is expressed by almost all Sa isolates and highly abundant on
the staphylococcal cell wall (24). It harbors 4-5 Ig-binding
domains (25) and by binding the Fcy domain of IgG (26) it
can prevent opsonization (24) and FcR-mediated phagocytosis
(27). Additionally, SpA binds the B cell receptor (28) of VH3" B
cells [30%-60% of B cells in human (29)]. This leads to B cell
proliferation, apoptosis (30) and with the help of plasmacytoid
dendritic cells, to formation of regulatory B cells (Bregs). These
cells secrete IL-10, a cytokine associated with suppression of
antigen presentation and T cell responses (31, 32).

Another important cell subset to prevent and control
overshooting immune responses are regulatory T cells [Tregs,
(33)]. Through secretion of immunosuppressive cytokines such as
IL-10 and TGEp, consumption of immunostimulatory cytokines,
secretion of cytolytic factors and interaction with antigen-
presenting cells (APC) they maintain immune homeostasis (34).
Due to their strong immunosuppressive properties they are being
evaluated for treatment of autoimmune diseases (35). CD4" Tregs
are described as Forkhead-Box-Protein P3* (FoxP3), CD25" [IL-
2 receptor o chain), and CD1274™ (IL-7 receptor, (36)].

Several groups demonstrated a potential role of Tregs in post-
infectious arthritis following Sa infection (37-39) and in atopic
dermatitis (40). Furthermore, the Sa virulence factor phenol-
soluble modulin (PSMa)) was shown to modulate human and
mouse APC surface marker expression and cytokine secretion to
induce Treg in vitro and in vivo (41-43). Moreover, it has been
shown that staphylococcal superantigens induce human Tregs in
PBMC (44) and convert peripheral CD4"CD25 T cells to a
regulatory phenotype with suppressive function (45, 46).

In earlier studies, we saw that SpA induces Treg-associated
cytokines in vitro (20). This study aimed to investigate the
potential of this B cell superantigen in the induction of
human Tregs.

MATERIALS AND METHODS

Bacteria

Staphylococcus aureus W'T strain SA113, spa-deficient mutant
SA113 Aspa and SA113Algt lacking TLR2 activity (provided by
Friedrich Go6tz, Tibingen) were grown on Columbia blood agar
plates (supplemented with 20 pg/ml Erythromycin for mutant
strains) overnight at 37°C.

Reagents, Stimuli, and Antibodies

Stimulation of cell culture was carried out with 1 pg/ml protein A
(SpA, isolated from S. aureus SAC, GE Healthcare, Uppsala,
Sweden), 1 pg/ml recombinant SpA (Sigma-Aldrich, Munich,
Germany), 100 ng/ml synthetic lipopeptide P3C (Pam3CSK4,
EMC, Tiibingen, Germany) or anti-CD3/CD28 microbeads
(Miltenyi Biotech, Bergisch-Gladbach, Germany).

Microbeads used for cell isolation via AutoMACS and
recombinant cytokines (IL-4 and GM-CSF) were obtained
from Miltenyi Biotech (Bergisch-Gladbach, Germany).

Antibodies used for flow cytometry, purity determination and
cell sorting were purchased from BD Biosciences, Heidelberg,
Germany, if not indicated otherwise: CD4 PerCP, CD4 PE, CD3
BV605 (BioLegend, U.S.), CD3 AF700 (BioLegend, U.S.), CD25
APC (BioLegend, U.S.),CD25 FITC,CD127 BV421,CD127 AF647,
FoxP3 BV421 (BioLegend, U.S.), CCR4 PE-Cy7 (BioLegend, U.S.),
ICOS BV605 (BioLegend, U.S.), CTLA4 BV421 (BioLegend, U.S.),
PD-1 PE (BioLegend, U.S.) and CD14 V450. Viability staining was
performed with the LIVE/DEAD Fixable dead Cell stain Kit
(Thermo Fisher Scientific, UK.).

Isolation of PBMC and T Cells

Use of human peripheral blood mononuclear cells (PBMC) from
bufty coats was approved by the local institutional review board
(Ethics committee of the Medical Faculty of the University of
Frankfurt, Germany, #154/15). Buffy coats of anonymized
healthy donors were obtained from the German Red Cross
South transfusion center (Frankfurt am Main, Germany).

PBMC were isolated by Pancoll gradient centrifugation
(PAN-Biotech, Aidenbach, Germany). T cells were isolated by
positive selection with anti-CD4 microbeads via AutoMACS.
Purity was determined by CD4 antibody and was always >97%
(Figure S1).

Generation of MoDC and Cocultures With
Autologous T Cells or PBMC

MoDC were generated by positive CD14" isolation via
AutoMACS and culture in medium containing 50 ng/ml
human GM-CSF and 20 ng/ml human IL-4. Fresh medium
supplemented with 100 ng/ml GM-CSF and 40 ng/ml IL-4 was
added on day 3 and MoDC were cultured for 6d, as described
earlier (20). Remaining PBMC were frozen in 50% FCS and 50%
freezing medium (RPMI 1640, supplemented with 20% FCS and
20% DMSO (both from Sigma-Aldrich, Munich, Germany)) for
subsequent isolation of autologous T cells.

If not stated otherwise, culture of PBMC, MoDC/PBMC
cocultures or MoDC/T cell cocultures was carried out under
Ig-free conditions in RPMI 1640 (Gibco by Life science,
Darmstadt, Germany), supplemented with 5% Xerumfree
(TNC Bio, Eindhoven, Netherlands) as serum-free alternative,
1% penicillin/streptomycin (10,000 IU/ml and 10,000 pg/ml)
and 1% 200 mM L-Glutamine (all from Biochrom AG, Berlin,
Germany). For some experiments, instead of Xerumfree, 5%
heat-inactivated human serum (Biochrom AG, Berlin, Germany)
or chicken serum (in house) was added. In this case, SpA was
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incubated with the indicated media for 2 h rolling before being
added to the cells, to ensure blocking of SpA’s Ig-binding sites.

1*10° PBMC or 1*10° CD4™ T cells were seeded in 96 well plates
alone or in coculture with 2*10* MoDC in 200 ul medium total. Cells
were stimulated with bacteria at a ratio 1:10 (MOI=10, determined
by McFarland 1) or 1 pg/ml SpA and incubated for 5d at 37°C and
5% CO, for Treg induction or cytokine measurement.

For generation of ivt spa mRNA and MoDC transfection, see
(20) for details.

For determination of MoDC-derived cytokines or generation
of MoDC SN for T cell stimulation, MoDC only were seeded
with a density of 1*10°/96 well in 200 pl medium total and
stimulated with the indicated stimuli for 24h at 37°C and 5%
CO,. The plate was centrifuged, SN taken and used for cytokine
determination by MagPix XMAP technology.

For analysis of Treg-inducing capacity, SN was re-centrifuged
for 6 min at 1300 rpm and frozen for minimum 1 h at -20°C
before being added to T cells, to avoid any contamination by
remaining MoDC.

Flow Cytometry and Cell Sorting

Flow cytometry was performed at a FACS LSRII SORP (BD
Biosciences, Heidelberg, Germany). Data was analyzed by Kaluza
2.1 Software (Beckman Coulter, U.S.).

For cell sorting, PBMC were isolated from buffy coats and
stored overnight at 4°C in PBS, supplemented with 5% Xerum
free. The next day, cells were washed, stained with CD4 PerCP,
CD3 BV605, CD25 FITC, CD127 AF 647 and Tregs were
depleted with a 70 um nozzle with BD FACSAria Fusion (BD
Biosciences, Heidelberg, Germany), using the BD FACS Diva
software version 8.0.1. After sorting, cells were collected in tubes
coated with 10% BSA overnight (to increase cell recovery rate)
and containing RPMI with 5% Xerum free, 1% Pen/Strep, and
1% L-Glutamine. As control, full PBMC were also stained and
sorted, but Tregs were not depleted (for sorting scheme see
Figure S7A). Purity of sorted cells was confirmed by re-analysis
and was >90% (Figure S7B).

After sorting, cells were stimulated with the indicated stimuli,
incubated for 5d and re-stained with CD25 FITC, CD4 PerCP,
and FoxP3 BV421, using the FoxP3 Fix/Perm Buffer Set
(BioLegend, U.S.) and following the manufacturer’s protocol.

Suppression Assays
For generation of Treg-enriched SN, 6*10° CD4" T cells were
seeded in 24 well plates together with 1.2*10°> MoDC in 250 pl
medium each (RPMI with 5% human serum, 1% Pen/Strep, 1%
L-Glutamine) and were stimulated with Sa WT MOI= 10.
Culture in 24 well plates was carried out in a total volume of 1 ml.

To avoid remaining viable bacteria in the SN during
subsequent stimulation, Sa was heat-inactivated by incubation
at 60°C for 30 min (HISA). Heat-inactivation was confirmed by
spreading bacterial suspension on Columbia blood agar plates
and incubation at 37°C overnight. No bacterial growth
was detected.

After 5d incubation, plates were centrifuged, induction of
Tregs was confirmed by flow cytometry as described above and

SN was collected, re-centrifuged and frozen once to lyse
remaining cells.

Next, to determine suppressive capacity of Treg-enriched SN,
autologous CD4" T cells were isolated from frozen PBMC by
AutoMACS as described above, stained with CFSE (Thermo
Fisher Scientific, U.K.) and seeded in 100 pl medium
(10% human serum, 2% Pen/Strep, 2% L-Glutamine) at a
density of 5*10°/ml. For cell stimulation, 0.5 pl anti-CD3/
CD28 beads (£100.000 beads; cell: bead ratio 1:1) and either
100 ul Treg-enriched SN (considered serum-free) or 100 ul
RPMI pure were added to the autologous T cells. Cell
proliferation was assessed after 4d by measurement of viable,
CFSE"" cells by flow cytometry.

Cytokine Measurements

Cytokines in supernatants from MoDC cultures or MoDC/T cell
cocultures were quantified by the ELISA Multiplex MagPix
XMAP technology (Luminex, 640 Austin, U.S.), detecting and
quantifying multiple cytokines in one assay. The Milliplex
Human Th17 Magnetic Bead Panel Kit (Merck Millipore,
Darmstadt, Germany) was used to analyze cytokine levels in
supernatants of MoDC stimulated for one day with SpA or ivt
mRNA. T cell cytokines in MoDC/T cell cocultures stimulated
with bacteria for 5d were quantified using the Bio-Plex Pro
Human Cytokine 17-plex Assay (Bio-Rad Laboratories GmbH,
Munich, Germany).

Statistical Analysis

Statistical analysis of results was carried out using GraphPad
Prism 8.01 (Graphpad Software Inc. San Diego, USA). If not
stated otherwise, following testing for normal distribution
(Shapiro-Wilk-Test), paired two-tailed Student’s t-test was
used, treating samples as paired data points. One-way ANOVA
with LSD was used for testing multiple groups. Each experiment
was carried out at least in duplicates in at least two independent
experiments. Results were considered statistically significant at
*p <0.05, p < 0.01, **p < 0.001, and ***p < 0.0001. p = 0.05 =
not significant (ns).

RESULTS

S. aureus Induces T Cell-Associated
Cytokines in Cocultures With MoDC in a
SpA-Dependent Manner
The immunostimulatory effect of SpA on B cells is well known.
However, so far, there is only few data on this important
virulence factor on the activation of T cells. Previously, we
described the induction of IL-2, G-CSF, and IL-10 in
cocultures of monocyte-derived dendritic cells (MoDC) and T
cells upon SpA stimulation (20). These cytokines are associated
with immunosuppression and/or Treg development.

To analyze the impact of SpA on this cytokine profile, we
stimulated human MoDC/CD4" T cell cocultures with viable Sa
(SA113 WT) or a spa-deficient mutant (SA113 Aspa). After
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incubation for 5d, cytokine secretion was analyzed in the
supernatants by MagPix, a multiplex ELISA system (Figure 1).

Overall, the wild type strain led to higher secretion of almost
all detected cytokines. There was a significant decrease in Th1/
Th17 cytokines (IFNYy, TNF and IL-17) when cells were
stimulated with the SA strain lacking SpA expression (Aspa).
Albeit the Th2 response was generally less pronounced, Aspa
induced significantly less IL-5 and IL-4. The Treg-associated and
immunosuppressive cytokines G-CSF and IL-2 were also
significantly decreased after Aspa stimulation. IL-10 levels were
low, and even less in the absence of SpA expression. The same
tendency was seen with IL-12p40, IL-1f and IL-6 (Figure S2).
Thus, it was demonstrated that SpA is responsible for the strong
immunostimulatory reactivity to Sa in MoDC/T cell cocultures.

S. aureus and SpA Induce Human Tregs

Next, we wanted to analyze whether SpA induces not only Treg-
associated cytokines, but also Tregs. We therefore stimulated
PBMC or MoDC/T cell cocultures with SA113 WT, SA113
Aspa or SpA protein only. Experiments were carried out
in media lacking immunoglobulins to prevent blocking of

the SpA Ig-binding sites. On day 5, we stained cells for
CD3*"CD4"CD25"CD127%™ expression (Figure $3) and
analyzed them by flow cytometry. Indeed, SpA induced a
significant proportion of Tregs compared to the unstimulated
control in PBMC (Figure 2A) and MoDC/T cell cocultures
(Figures 2B, C). Interestingly, stimulation of PBMC with full
bacteria induced an even higher percentage of Tregs, which was
significantly reduced when bacteria lacked spa expression.
Nevertheless, this proportion was still higher than induction
of Tregs by SpA alone, indicating that additional
immunostimulatory signals are important for induction of this
cell type. This induction pattern was reproducible in MoDC/T
cell cocultures (Figure 2B). Furthermore, we did not see
differences in Treg levels when PBMC were stimulated with
SA113 Algt, lacking TLR2-activating lipoproteins, compared to
SA113 WT (Figure S4).

To analyze the SpA and SA-induced Tregs in more detail, we
stained the Treg with anti-CTLA4, anti-PD-1, anti-ICOS, and
anti-CCR4 antibodies and quantified expression of these markers
by flow cytometry (Figure 2D). The results showed that ICOS
and PD-1 expression is induced upon formation of Tregs after
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FIGURE 1 | Staphylococcal protein A (SpA) induces T cell cytokine secretion. MoDC/CD4* T cell cocultures were stimulated with SA113 WT or spa-deficient strain
(Aspa). Th1 (upper row), Th2 (middle row), and Treg (lower row) associated cytokines were analyzed in 5d supernatant by Magpix, a multiplex ELISA technology.
N = 8 different donors of four independent experiments are displayed as individual, linked points. * and ** indicate statistical significance: *p < 0.05, *p < 0.01.
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stimulation with SpA protein or SA113 WT bacteria.
Upregulation of CTLA4 was lower and only observed with
bacterial stimulation. By contrast, CCR4 expression was not
altered by SpA or SA113 WT stimulation. We conclude that
SpA-dependent Treg induction promotes expression of ICOS
and PD-1 but has little effect on CTLA4 and CCR4 expression.
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FIGURE 2 | Staphylococcal protein A (SpA) is crucial for Treg induction. (A) peripheral blood mononuclear cell (PBMC) or (B) monocyte-derived dendritic cell
(MoDC)/T cell cocultures were stimulated with SpA, SA113 WT or Aspa bacteria. After 5d cells, were stained for viability and CD3*CD4*CD25*CD1279™ and were
analyzed by flow cytometry. Results are shown from four independent experiments as single values of n=8 different donors with + SD. Statististical significance is
provided by * (p < 0.05) and ** (**p < 0.01). (C) Induction of CD3*CD4*CD25*CD1279™ Tregs in MoDC/T cell cocultures upon stimulation with SpA, SA113 WT or
Aspa. Dot plots of one representative donor are shown. (D) CD3*CD4*CD25*CD127%™ Tregs in MoDC/T cell cocultures upon stimulation with SpA or SA113 WT
were analyzed for CTLA4, ICOS, PD-1 and CCR4 expression after 5d of culture by flow cytometry. Results are shown from two independent experiments as single
values of n=4 different donors with + SD.

The Induction of Tregs by SpA Is
Independent on Antigen Presentation

Next, we asked whether SpA has to be presented by APC or
whether it directly acts on T cells. To this end, we choose a
technical approach where antigen is delivered as mRNA to the
dendritic cells. The spa gene was in vitro transcribed (ivt) and
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APCs were transfected with ivt mRNA. Upon uptake by MoDC,
ivt mRNA is translated, antigen processed and presented to T
cells. As control of unspecific stimulation by ivt mRNA
nonantigen encoding mRNA (NC mRNA), as well as only the
transfection reagent lipofectamine (LF) were used. In
comparison to native SpA, Treg induction by ivt mRNA in
MoDC/T cell cocultures was assessed after 5d by flow cytometry.

As displayed in Figure 3, Tregs were only induced when
antigen was delivered as protein, whereas Treg induction in
conditions with ivt mRNA and LF remained at unstimulated
levels. Results could be reproduced in cocultures of MoDC and
PBMC (Figure S5). Please note, that although ivt mRNA did not
induce Tregs, cytokine secretion could be measured in MoDC
cultures upon transfection, confirming that cell stimulation itself
by transfection was successful (Figure S6). This led to the
conclusion, that the native protein conformation of SpA is
necessary for Treg induction and that processing and
presentation of the antigen is not sufficient.

SpA-Induced Treg Formation Is Blocked in
the Presence of Human Immunoglobulins
Since native SpA’s most prominent characteristic is its Ig-
binding capacity, we addressed this issue by adding different
sera in the culture media to block the Ig-binding sites. We
analyzed culture in medium supplemented with chicken serum
or human serum. SpA does not bind chicken Ig (47), but human
Ig with high affinity. All sera were heat-inactivated prior use and
SpA was incubated 2 h with the media containing 5% of the
indicated serum before being added to the cells.

As displayed in Figure 4, culture in media with chicken serum
resulted in higher background of Tregs in the unstimulated
control. Nevertheless, SpA induced significantly more Tregs in
PBMC (Figure 4A) as well as in MoDC/T cell cocultures (Figure
4B). As seen before in Ig-free serum (Figures 2A, B), wild type
bacteria led to a higher percentage of Tregs than Sa Aspa.
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FIGURE 3 | Native protein conformation of SpA is mandatory for Treg
induction. Monocyte-derived dendritic cell (MoDC) were stimulated with
staphylococcal protein A (SpA) or transfected with 100 ng mRNA (encoding
spa or noncoding, NC) in cocultures with CD4* T cells. As transfection control
served lipofectamine (LF). After 5d, cells were stained for viability,
CD3*CD4*CD25*CD1279™ expression and were analyzed by flow cytometry.
Results are shown from three independent experiments as single values of

n = 7 different donors with + SD **p< 0.001.

However, this finding was only significant in PBMC cultures
(Figure 4A). Induction of Tregs by SpA only was completely
blocked compared to the unstimulated control in PBMC (Figure
4A) or MoDC/T cell cultures (Figure 4B) when human serum
was supplemented in the culture media.

These results indicated that the Ig-binding sites of SpA
protein might be crucial for Treg induction. Importantly, this
effect was exclusively seen in the presence of APC, since no Treg
induction was detected when protein was incubated with T cells
only, independent on the medium (Figure 4C). By contrast, Treg
induction by whole bacteria remained comparable in human
serum, indicating that other bacterial factors contribute to
activation of Tregs and that Treg induction by whole bacteria
is not influenced by presence of immunoglobulins.

S. aureus Induces Tregs De Novo

in Treg-Depleted PBMC

Next, we asked whether Sa can mediate de novo formation of
Tregs or whether it induces proliferation of the existing Treg
pool. To this end, we depleted Tregs from full PBMC via cell
sorting, stimulated with SA113 WT or Aspa, respectively, and
quantified CD25"FoxP3" Tregs after 5 days (for sorting scheme,
see Figure S7).

Interestingly, within 5d, the Treg population in PBMCATreg,
left unstimulated as well as stimulated with SA113 WT was
restored to approximate levels of full PBMC (Figure 5).
However, SA113 Aspa did not induce CD25"FoxP3" Tregs in
full PBMC nor in PBMCATreg (Figure 5), and neither did SpA
protein (data not shown). Nevertheless, the data clearly
demonstrated that SA113 WT restored Treg numbers within
5 days.

SpA Induces MoDC-Derived Soluble
Factors That Are Sufficient to

Generate Tregs

Furthermore, we analyzed whether direct cell contact between
APC and T cells is required for Treg induction. To this end, we
stimulated MoDC with SpA overnight. Since S. aureus is known
to be a strong inducer of TLR2-mediated immune responses
(48), we chose the TLR2 ligand P3C, as control that leads to high
levels of IL-12p40 in MoDC (49). After stimulation of MoDC,
their cell-free supernatants (SN) were applied to T cells only and
Treg induction was analyzed after 5 days of culture (Figure 6).
SN of SpA-stimulated MoDC induced comparable amounts of
Tregs as shown above in direct MoDC/T cell cocultures (Figure
2B). Induced Treg levels in the condition with SN from P3C-
stimulated MoDC were comparable to the unstimulated
background control. In conclusion, soluble SpA-induced
factors secreted by MoDC are sufficient to induce Tregs and
direct cell-cell contact between APC and T cell is not required.

S. aureus-Induced Treg-Enriched
Supernatant Inhibits T Cell Proliferation
Finally, we wanted to address the question whether Sa-induced Treg
cultures exert suppressive activity. We stimulated MoDC/T cell
cocultures with SA113 WT and collected cell-free supernatants after
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5d of culture. Induction of Tregs in these cocultures with HISA was
confirmed by flow cytometry (Figure S8A) and Treg levels upon
SA-stimulation did not differ when cells were stimulated with HISA
or viable SA, or in different well sizes (Figure S8B). Next,
supernatants from Treg-enriched cultures or fresh medium were
added to autologous, CFSE-labeled CD4" T cells, which were
subsequently stimulated with anti-human CD3/CD28 beads.
Proliferation was analyzed by flow cytometry after 4 days of culture.

Notably, addition of the Treg-enriched supernatant to CD3/
CD28-stimulated T cells almost completely blocked proliferation
(from 19.42% to 4.75% in average) reducing it to unstimulated
level (1.2% in average). Thus, Treg-enriched SN did not induce
nonspecific proliferation (Figure 7). Furthermore, T cell
proliferation was not affected when SN from SA-stimulated
MoDC cultures (without T cells) was used (data not shown).
Thus, our results demonstrate suppressive activity of soluble
factors released in Sa-induced Treg cocultures.
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FIGURE 4 | Treg induction by staphylococcal protein A (SpA) in blocked in human serum. (A) Peripheral blood mononuclear cells (PBMC), (B) monocyte-derived
dendritic cell (MoDC)/T cell cocultures, or (C) CD4™ T cells only were stimulated with SpA, SA113 WT or Sa Aspa for 5d in media containing chicken, human or no
serum supplement (serum-free). CD3*CD4*CD25*CD1279™ cells were stained for viability and analyzed by flow cytometry. Results are shown from at least two
independent experiments as single values of a minimum of four different donors with + SD. The stars indicate statistical significance levels defined as *p < 0.05, *p <

DISCUSSION

Due to high infestation rates and frequent exposure, the human
immune system mounts an immune response but repeatedly fails
to prevent Sa infection. This highlights the superb capacity of Sa
to trigger immunoregulatory processes that suppress
proinflammatory immune responses required for clearance of
Sa (20). For instance, one of the major Sa virulence factors SpA is
able to activate B cells, which leads to formation of IL-10-
secreting plasmablasts and subsequent unspecific release of
antibodies (31), well in line with the occurrence of
nonprotective antibodies described in (50). Here, we describe a
so far, unknown role of SpA in the induction of human Tregs.
Pathogen-induced control of T cell responses via induction of
Bregs and Tregs may represent a prerequisite for colonization of
the human body. A recent report highlighted a regulatory role
of B cell superantigens in maintaining the balance of intestinal
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FIGURE 6 | Soluble factors produced by monocyte-derived dendritic cells
(MoDQ) are sufficient to induce Treg. MoDC were stimulated with
staphylococcal protein A (SpA) or P3C for 24 h. Their cell-free supernatant
(SN) was added to autologous CD4™ T cells for 5d and Treg induction was
measured by flow cytometry. Results are shown as values from n = 7 single
donors + SD, analyzed in three independent experiments. * indicates
statistical significance level *p < 0.05.

microbiota and immune response (51). Immune regulatory
functions of SpA could, thus, support colonization of Sa in the
respiratory tract.

Recent publications have highlighted other Sa virulence factors
with Treg-inducing potential (41, 44-46). Here, we show that SpA is
able to induce Tregs in PBMC and MoDC/T cell cocultures.
Although SpA is well known as B cell superantigen, comparable
Treglevelsin MoDC/T cell cultures demonstrated that the presence

of B cells is not required for Treg formation. Moreover, our data
showed a prominent role for SpA in Treg induction because Treg
induction was lower with the SA113 Aspa mutant (Figures 2A, B).
However, the effect was enhanced when whole Sa cells were used for
stimulation (Figures 2A, B). Thus, dual stimulation via SpA in
combination with other bacterial compounds might increase the
immunostimulatory signal (52, 53). Well in line with this concept,
previous studies described PSMotas an inducer of tolerogenic, Treg-
inducing dendritic cells and Tregs (43, 54). Notably, costimulation
with TLR4 ligand LPS enhanced this effect (41). However,
experiments performed with SA113 Algt, which lacksTLR2-
activating lipoproteins, indicated that TLR2 ligands are not
required for SpA-mediated Treg induction (Figure S4).
Furthermore, absence of PSMo. in SA113 strain (55) excludes
synergistic activity of SpA and PSMo. However, close physical
association of peptidoglycan with SpA could provide an additional
stimulus supporting Treg-development (53, 56).

However, also an accessory role of other bacterial molecules
such as contaminating enterotoxins cannot be excluded (44).
Indeed, the SA113 strain expresses low levels of enterotoxins
(57), which might be responsible for the residual Treg-inducing
capacity observed with the SA113 Aspa mutant (Figures 2A, B).

Importantly, induction of Treg was not an antigen-dependent
but rather an unspecific event because SpA antigen delivered as
mRNA to MoDC failed to induce Treg (Figure 3). Assuming that
comparable epitopes were presented to T cells (20), this suggests
that SpA-mediated effects occur independently of antigen-
specific T cell receptor activation. This was further
corroborated by the finding that cell-cell contact was not
required for Treg formation (Figure 6): supernatant of SpA-
stimulated MoDC was sufficient to induce Tregs, comparable to
levels obtained in SpA-stimulated MoDC/T cell cocultures
(Figure 2B).

Of note, residual SpA in the Treg-inducing MoDC
supernatants did not directly affect Treg induction because we
saw no effect of SpA on T cells only (Figure 4C). Also, SpA did
neither induce T cell proliferation nor apoptosis in cultures of
CD4" T cells only (Figure S9). Hence, in contrast to T cell
superantigens such as enterotoxins that retain activity in the
absence of MHCII binding (58), SpA interaction with the APC,
rather than with the T cell, was crucial for Treg induction.
Nevertheless, due to its agr-deficiency the Sa strain used in this
study does not express PSM (55) and only low levels of
enterotoxins (57). This, again, argues in favor of the Treg-
inducing potential of SpA.

S. aureus is a strong regulator of the adaptive immune
response (48). Interestingly, SpA induced low levels of IL-
12p70, a cytokine associated with induction of Thl cells.
However, some publications also describe a role of IL-12 in
inducing Tregs and other immunosuppressive cells (59, 60). Plus,
IL-12 subunits are part of the cytokine family consisting of IL-23,
IL-27 and IL-35, also involved in immune regulation (61).

So far, we can only speculate whether SpA, similar to PSMo.
(41, 42, 54) and staphylococcal enterotoxins (62) favors the
generation of tolerogenic DC (tDC) or myeloid suppressor cells,
cell subsets with strong Treg-inducing capacities (63, 64). While
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FIGURE 7 | SA-induced, Treg-enriched supernatant has suppressive function. (A) Supernatant from monocyte-derived dendritic cells (MoDC)/T cell cocultures,
stimulated with SA113 WT, was added to autologous CFSE-labeled CD4™ T cells. Upon stimulation with anti-CD3/CD28 beads, proliferation was analyzed by flow
cytometry after 4d. Results are displayed as values from n = 6 single donors + SD, analyzed in three independent experiments. Stars indicate statistical significance
defined as *p < 0.05 and **p < 0.01. (B) CD4* T cell proliferation upon stimulation with anti-CD3/CD28 beads + Treg-enriched supernatant (SN) of one

Schreiner et al. described IL-10 and TGFp as relevant mediators
(43), Richardson et al. suggested that Indolamin-2,3-Dioxygenase
(IDO), a soluble mediator with immunosuppressive function (65)
as important player in Sa-triggered Treg induction. However,
blocking of IDO even increased Treg numbers (41). However, as
shown in Figure S6 and published earlier (20), SpA did not induce
strong secretion of proinflammatory cytokines or IL-10 in MoDC as
seen with PSMa (41).

Other studies provided evidence that APC are important
players in Treg induction in the context of Sa infection.
Experiments carried out with cell-free supernatant of an
enterotoxin-expressing Sa strain, induced expression of IL-10,
IFNYyand IL-17A in FoxP3" cells. This effect was decreased when
monocytes were depleted from PBMC. However, in this study
the main activating Sa component remained unidentified (66).
When Rabe et al. blocked the interaction between PD-1 and PD-
L1, the proportion of FOXP3" CD25" CD1279™ T cells was
reduced upon Sa stimulation (46), highlighting the role of APC
in this process. Taken together, our data complement the
previous findings by providing evidence that interaction of
SpA with APC is mandatory for release of Treg-inducing
soluble factors. However, future work is needed to identify the
driving factors.

Interestingly, the Treg-inducing potential of SpA was
completely blocked in the presence of human serum (Figure
4). This might support the hypothesis that Ig-binding sites are
crucial for Treg induction but it could also result from the
presence of SpA neutralizing antibodies. Thus, we can only
speculate whether the SpA Ig-binding sites interact with an
APC surface receptor, or whether formation of regular or
aberrant immune complexes of SpA and Ig hinders interaction
with APC. Previous work suggested that the SpA Ig-binding sites
are required for shedding of soluble TNF-receptor I from the
surface of airway cells, leading to anti-inflammatory immune
responses (67, 68). Although this was an attractive hypothesis, we
were not able to confirm TNFRI binding or engagement of an

alternative receptor specific for SpA in pulldown assays and
overexpression studies performed in our lab (31).

We further hypothesize that post-translational modifications of
SpA such as glycosylation may also play a role in interaction with
MoDC surface receptors because induction of Tregs in MoDC/T
cell cocultures was not seen when cells were stimulated with
recombinant SpA (Figure S10). By contrast, Treg induction by
whole bacteria was not altered in different sera, indicating that
formation of functional immune complexes does not influence Treg
induction. Also, reduction of Treg levels with Sa Aspa and overall
Treg percentage was comparable to experiments carried out in Ig-
free medium (Figures 4A, B). Of note, Treg induction did not
depend on vitaPAMPs such as DNA or RNA, because Treg levels
were comparable when cells were stimulated with HISA
(Figure S8).

Tolerogenic DC can convert naive T cells into suppressive
Tregs (63). Depletion of CD3*CD4*CD25"CD127%™ Tregs from
PBMC and subsequent stimulation with Sa WT or Aspa for 5
days led to recovery of CD4"CD25"FoxP3 Tregs of comparable
levels to baseline. We are aware that these two Treg populations
are not identical and gating strategies not completely overlapping
(69), which might be a reason why Treg percentages in Figure 5
did not reach Treg levels displayed in Figure 2A. However, in
some donors, cells were unspecifically activated through sorting,
resulting in big proportion of CD25"" T cells. For this reason,
we decided to look for expression of CD25 in combination with
CD4 and FoxP3 after sort. It has been shown by others that Sa
(46) and Sa superantigens (45) are able to convert CD25 T cells
into Tregs with regulatory function. Also Richardson and
colleagues demonstrated the induction of Tregs from naive T
cells upon stimulation with PSMa. (41) and Bjorkander et al.
showed de novo expression of FoxP3 in CD4"CD25"-depleted T
cell cultures after stimulation with cell free Sa supernatant (66).

Taken together, our data provide evidence for a novel
immunosuppressory role of Sa virulence factor SpA in the
induction of Tregs, including a pivotal role of APC. Importantly,
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our data demonstrate that Sa-induced Tregs possess strong
suppressive capacities. Supernatants from Sa-derived Treg-
enriched MoDC/T cell cocultures almost completely blocked T
cell proliferation upon polyclonal stimulation by anti-CD3/
CD28 beads (Figure 7).

We are aware that our data was fully acquired in vitro. Hence,
we can only speculate whether SpA induces Tregs in vivo and
whether this interferes with development of a protective immune
response or whether it could be beneficial for the human host by
blocking excessive inflammatory responses. Against this
background, Sa-mediated immune suppression might represent
a challenge for vaccine effectiveness. Future work should take this
into account.
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Staphylococcus aureus is a member of the human commensal microflora that exists,
apparently benignly, at multiple sites on the host. However, as an opportunist pathogen it
can also cause a range of serious diseases. This requires an ability to circumvent the
innate immune system to establish an infection. Professional phagocytes, primarily
macrophages and neutrophils, are key innate immune cells which interact with S.
aureus, acting as gatekeepers to contain and resolve infection. Recent studies have
highlighted the important roles of macrophages during S. aureus infections, using a wide
array of kiling mechanisms. In defense, S. aureus has evolved multiple strategies to
survive within, manipulate and escape from macrophages, allowing them to not only
subvert but also exploit this key element of our immune system. Macrophage-S.
aureus interactions are multifaceted and have direct roles in infection outcome. In depth
understanding of these host-pathogen interactions may be useful for future therapeutic
developments. This review examines macrophage interactions with S. aureus throughout
all stages of infection, with special emphasis on mechanisms that determine
infection outcome.

Keywords: macrophage, Staphylococcus, phagocytosis, immunity, immune evasion

INTRODUCTION

Staphylococcus aureus is a Gram-positive commensal bacterium frequently found in the upper
respiratory tract (1, 2), alongside various other locations on the human host (3). S. aureus is part of
the normal microbiota, colonizing 40% of new-born babies and 50% of adults intermittently or
permanently, normally without any ill-effects (1, 4). Despite this, S. aureus can become pathogenic,
with colonization an important reservoir for infection (5).

Human diseases caused by S. aureus range from minor skin infections to life threatening
bacteremia and meningitis. S. aureus is one of the most frequent causes of nosocomial and
community-acquired pneumonia, skin and soft-tissue infections or bloodstream infections (6).
Serious S. aureus infections cause approximately 20,000 deaths a year in the US, and 5,000 in the
EU, costing an estimated €380 million in EU health costs (7, 8). A contributing factor to the high
mortality rate of S. aureus infections is increasing antimicrobial resistance. Methicillin Resistant
Staphylococcus aureus (MRSA) bacteremia has a high mortality rate: 30% to 40% (9-12). S. aureus
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resistance to antibiotics is widespread in both community and
nosocomial-acquired infection. Some S. aureus strains have even
developed resistance to the last-resort antibiotic vancomycin (13)
and vaccine candidates have thus far been unsuccessful (14, 15).
S. aureus infections represent a significant risk to human health,
highlighting the pressing need for alternative prophylaxis
and treatments.

The immune response to S. aureus infection is complex.
Infection occurs when S. aureus breaches host external barriers,
for example through a tissue injury. In most cases, an efficient
immune response is mounted, involving innate immune cell
recruitment and eventual clearance of infection. Macrophages,
as antigen presenting cells, also activate the adaptive immune
response. As such, phagocytes play a vital role in locating,
restricting and destroying S. aureus.

Macrophage interactions with S. aureus are of particular
interest. Macrophages are responsible for phagocytic uptake of
the majority of invading bacteria and employ a multitude of
bacterial killing mechanisms to effectively kill S. aureus. Despite
this, some S. aureus are able to survive within macrophages - a
source for intracellular persistence which eventually enables
further bacterial dissemination (16-18). S. aureus can survive
within mature macrophage phagosomes (16, 19, 20), as
well as cause uncontrollable infection within monocyte-
derived macrophages (MDMs) (18). Furthermore, S. aureus

can evade and manipulate macrophages, using many strategies
to impede macrophage recruitment, phagocytosis and degrative
abilities (21-25). Understanding these complex host-
pathogen interactions may provide promising new therapeutic
targets, which are urgently required due to rising S. aureus
antibiotic resistance.

This review examines macrophage interactions with S.
aureus, from the role of macrophages in S. aureus infection
dynamics to specific macrophage-S. aureus interactions, including
macrophage recruitment, phagocytosis, macrophage polarization,
bacterial killing mechanisms and nutrient restriction (Figure 1).

WHAT ARE MACROPHAGES?

Macrophages are professional phagocytes, able to engulf
microorganisms and trigger responses leading to microbial
death. Macrophages, like their close relatives neutrophils, both
of which are professional phagocytes and are derived from
myeloid precursor cells (22, 26), are an important part of the
innate immune response. However, each phagocyte has multiple
differences in cellular properties and functions. Both
macrophages and neutrophils sense and migrate toward sites
of infection and can phagocytose and kill invading pathogens.
However, macrophages, as antigen presenting cells, also play a
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FIGURE 1 | Overview of macrophage interactions with S. aureus. Presence of S. aureus influences macrophage polarization and cytokine secretion toward either
pro-inflammatory or anti-inflammatory. S. aureus may be subject to extracellular or intracellular kiling by macrophages. Macrophages may be killed by extracellular
S. aureus factors. S. aureus phagocytosis by macrophages may lead to intracellular kiling, which may destroy the bacteria using antimicrobial mechanisms.
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key role in activation of the adaptive immune response by
presenting antigens of phagocytosed pathogens (27).
Neutrophils are commonly the first immune cell to reach an
infected site, and may be more bactericidal, whereas monocytes
(which may differentiate into macrophages) are typically
attracted later on (28). In comparison to neutrophils,
macrophages are adapted to be much less reactive, which may
be to avoid attacking self-antigens or stimulating unwanted
immune responses due to being resident within tissues for a
longer lifespan (29). Neutrophils are derived from within the
bone marrow and have a very short lifespan which is thought to
limit stimulation of unnecessary inflammation (28). In contrast,
macrophages may live for weeks to months (30, 31) and are
found within tissues through the body, termed tissue
resident macrophages.

There are different cell lineage sources which give rise to
tissue-resident macrophages. Traditionally, it was thought that
macrophages develop only from circulating monocytes, the
precursor cells for some macrophages and dendritic cells.
Monocytes represent around 10% of leukocytes in humans,
while tissue-resident macrophages represent another 10% to
15% (although this may increase following inflammatory
stimulus) (26, 32). Monocytes develop from hematopoietic
stem cells in the bone marrow (26) and circulate in the blood
for 1 to 2 days, after which they die unless recruited to tissues for
differentiation (26, 33, 34). However, many tissue-resident
macrophages self-renew within the tissue (35). Self-renewing
macrophages are derived from embryonic-origin cells which are
seeded to sites of the body before birth (36-38), with examples
including liver Kupffer cells, Langerhans skin cells and brain
microglia (35, 39-41). Other macrophage populations develop
from the macrophage and dendritic cell precursor (MDP) cell, a
precursor to monocytes (42).

Once macrophages have differentiated according to their
tissue, they develop distinct transcriptional profiles and are
named according to tissue location (43). The properties of
varied tissue-resident cells have been extensively reviewed (44,
45). However, macrophage function remains similar regardless
of tissue location: (i) coordinating tissue development, (ii) tissue
homeostasis through clearing apoptotic/senescent cells, (iii)
acting as sentinels which survey and monitor changes in the
tissue, and (iv) responding to pathogens in infection (26).

Kupffer cells are the largest group of tissue-resident
macrophages in the body, making up 80% to 90% of the total
population (46, 47). They display a unique phenotype
characterized by downregulation of CR3, expression of liver-
specific lectin CLEC4F and tissue-specific complement receptor
CRIg (48, 49). Through a variety of receptors, Kupfter cells filter
blood and mediate clearance of waste products and non-self-
antigens (48, 50, 51). The close proximity of Kupffer cells to
sinusoids also facilitates best access to pathogens arriving in the
liver (46).

As mentioned above, Langerhans cells (LCs) are also self-
renewing, although if they are exhausted by, for example, UV
radiation, they are replaced by bone-marrow-derived precursor
cells (52). LCs develop dendritic cell (DC) characteristics in the
epidermis, and as such share attributes with both DCs and

macrophages (53). Similar to tissue-resident macrophages, LCs
self-renew and have a long half-life (approximately 2 months),
however, like DCs, LCs can travel to lymph nodes (52, 53). Their
presence at the barrier of the skin suggests a role as immune
sentinels (54).

Macrophage diversity enables tissue-specific phenotypes
which help macrophages to perform their function. However,
macrophages are unified in their phagocytic and innate
immune functions, allowing bridging of the innate and
adaptive responses.

THE KEY ROLE OF MACROPHAGES
IN S. AUREUS INFECTION OUTCOME

A wide range of diseases are caused by S. aureus, from minor skin
infections to life-threatening diseases, for example bacteremia
and endocarditis. Numerous S. aureus infections of humans are
associated with abscess formation (55) and in murine bacteremia
infection models, kidney abscess formation is a key outcome (56,
57). Macrophages have a central role in S. aureus infection
dynamics. Murine blood infection begins with hematogenous
transit of extracellular S. aureus, which are rapidly phagocytosed
in the liver by Kupffer cells. More than 90% of S. aureus are
sequestered by the liver (58) - the majority of bacteria are then
effectively killed. A small number of bacteria can survive
intracellularly, ultimately escaping to form microabcesses in
the liver. Extracellular S. aureus may also disseminate to seed
kidney abscesses (59, 60).

The importance of macrophages in S. aureus infection is
highlighted when macrophages are depleted in animal infection
models. Mice lacking macrophages have increased bacterial
burden and mortality following S. aureus sepsis (61). Similarly,
in murine airway infection, macrophages are required for
clearance of S. aureus, since loss of alveolar macrophages
inhibited killing of bacteria at 5 hpi (62), significantly
enhanced mortality (63), and increased bacterial load in the
lungs (64). In zebrafish, macrophages phagocytose the majority
of the initial bacterial inoculum and, similar to mice, loss of
macrophages leads to increased S. aureus susceptibility (65, 66).
Phagocytes are a known intracellular niche for S. aureus,
allowing bacterial survival and eventual escape, allowing
dissemination throughout the host (67-69). Human monocyte-
derived macrophages (MDMs) also permit intracellular S. aureus
survival and bacterial escape (16, 18). Despite this, macrophages
efficiently phagocytose and degrade most S. aureus, with
just a small proportion of bacteria surviving to potentially
lead to dissemination throughout the host (59). Thus, the
intraphagocyte niche represents a population bottleneck for S.
aureus (70), as demonstrated for other intracellular pathogens
including Salmonella enterica and Bacillus anthracis (71, 72).
Micro-abscesses in the liver are formed from surviving bacterial
cells which escape from macrophages. It has been demonstrated
that S. aureus abscesses are formed by single, or very small
numbers of bacteria (69, 70), leading to the emergence of clonal
populations within abscesses. Depletion of macrophages causes
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loss of clonality whereas depletion of neutrophils does not (59),
indicating that macrophages are the key phagocyte responsible
for the emergence of clonality. Kupffer cells are especially
instrumental as an intraphagocyte niche leading to the
emergence of clonality in S. aureus murine sepsis infection,
largely due to their key role in filtering blood (59, 61).
Extracellular bacteria, which have escaped macrophages can
also seed infection at distant sites through the bloodstream. After
staphylococcal cells survive and multiply inside Kupffer cells, the
bacteria can escape into the peritoneal cavity where they are
phagocytosed by peritoneal macrophages, which provide another
intracellular niche, promoting dissemination to peritoneal
organs (60). Cycles of macrophage phagocytosis and bacterial
escape can allow S. aureus to survive intracellularly over time
(73). Although macrophages are crucial for initial infection
dynamics, neutrophils are thought to be significant for
dissemination. Extracellular bacteria in the bloodstream may
be phagocytosed by neutrophils, which can act as Trojan horses
enabling spread to other organs, including the kidneys (59, 68).
Together, these studies highlight the importance of macrophages
in controlling the initial bacterial sepsis inoculum specifically in
restricting early infection stages, and macrophage involvement in
S. aureus infection features, including formation of a population
bottleneck, clonal abscess formation and eventual dissemination.

PHAGOCYTOSIS OF S. AUREUS
BY MACROPHAGES

As described above, macrophages are an important host defense
against S. aureus infection, but in order to effectively eliminate S.
aureus, macrophages must first locate and phagocytose the
invading bacteria.

Recruitment of Macrophages to S. aureus
Infection Sites

Phagocyte recruitment to S. aureus is coordinated through
responding to host immune effectors released in response to S.
aureus, or signals derived from S. aureus itself. Initial host
responses to S. aureus are initiated by cells found at infected
sites, often epithelial cells at mucosal surfaces. Epithelial cells
sense invading S. aureus via pathogen recognition receptors
(PRRs) which can recognize many staphylococcal molecules,
including lipoproteins, lipoteichoic acid (LTA), phenol soluble
modulins, protein A, toxins, and peptidoglycan (PGN) (74).
Epithelial PRR signaling leads to phagocyte recruitment and
activation by inducing pro-inflammatory cytokine and
chemokine production; including granulocyte-macrophage
colony-stimulating factor (GM-CSF), granulocyte colony-
stimulating factor (G-CSF), monocyte chemotactic protein-1
(MCP-1), macrophage inflammatory protein 3o (MIP-30),
IL-6, IL-1B, and IL-8 (75-78). Additionally, formylated
peptides produced by S. aureus directly act as chemoattractants
for macrophages (79) and S. aureus molecules activate the
complement cascade (80), leading to release of strong phagocyte
chemoattractant, C5a.

Macrophage recruitment has been demonstrated in S. aureus
murine studies. MCP-1 is important for macrophage activation
and clearance of S. aureus infection (81). Following S. aureus
brain infection in mice, gene expression of multiple pro-
inflammatory cytokines and chemokines are upregulated,
leading to macrophage recruitment (82). In peritoneal
infection, particulate S. aureus cell envelope promotes
phagocyte recruitment by inducing chemotactic cytokine
production (83). Of note, some macrophages subtypes,
including Kupffer cells, are tissue-resident which may be
recruited to local infection sites (84), whereas monocyte-
derived macrophages are recruited to sites of infection from
circulation in the blood (85). S. aureus also has strategies to
prevent immune cell recruitment, such as expressing chemotaxis
inhibitory protein of Staphylococcus aureus (CHIPS), which
blocks phagocyte binding to activated complement proteins or
formylated peptides excreted by S. aureus (86, 87). After
recruitment to sites of infection, macrophages become
activated and produce cytokines to enhance the immune
response; discussed in the macrophage functional changes in
response to S. aureus infection section.

Phagocytosis

Macrophages utilize micropinocytosis, macropinocytosis,
receptor-mediated endocytosis and phagocytosis to ingest
particles, fluids and molecules. Micropinocytosis is used for
non-specific uptake of fluid and small molecules, while
macropinocytosis can non-specifically engulf larger volumes
of extracellular fluid and larger particles, including bacterial
cells (88-90). Receptor-mediated endocytosis is the selective
uptake of macromolecules bound to surface receptors.
Receptor-mediated endocytosis is clathrin-dependent,
micropinocytosis can involve clathrin pathways, but clathrin
is not essential (88), while phagocytosis and macropinocytosis
are actin-dependent (91). Phagocytosis is receptor-mediated
targeted uptake of particles larger than 0.5 um, and represents
the primary pathway used by macrophages to internalize S.
aureus (88). The physical state of bacterial cells is important for
S. aureus phagocytosis, with particulate rather than soluble cell
wall required to stimulate an efficient phagocyte immune
response (83). S. aureus phagocytosis events occur following
engagement of multiple receptors on the macrophage surface,
including scavenger receptors (SRs), complement receptors and
Fc receptors (Figure 2). The actin cytoskeleton at the cell
membrane forms a phagocytic cup which extends to
surround the extracellular bacterial cells and contracts to
close the cup, forming a bacteria-containing phagosome
within the phagocytic cell (91).

Scavenger Receptors

The SRs are a diverse group of receptors which recognize a wide
range of pathogenic molecules, for example, proteins,
polysaccharides, lipids, CpG motifs and lipoteichoic acid
(LTA). SRs are grouped into classes based on what they bind,
with S. aureus known to interact with multiple SR classes (92,
93). Macrophage SRs can bind to LTAs found on surface of
Gram-positive bacteria, including S. aureus (94), leading to
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increased macrophage phagocytosis in an opsonin-independent
manner (95). Scavenger receptor A (SR-A) contributes to
Kupffer cell phagocytosis of S. aureus through mannose-
binding lectin (a member of the C-type lectin family, which
also binds to bacterial cells and activates the complement
cascade), increasing SR-A expression on Kupffer cells (96). As
well as increasing SR expression, mannose-binding lectin is also
involved in opsonin-dependent S. aureus phagocytosis by
phagocytes (97). Surfactant protein A (SP-A), like mannose-
binding lectin, is a member of the C-type lectin family. Addition
of SP-A to alveolar macrophages (AMs) increases S. aureus
phagocytosis, potentially by upregulation of SR-A expression,
as demonstrated for S. pneumoniae (98). SP-A can also act as an
opsonin, binding to both S. aureus and SP-A receptors on
macrophages. Interestingly, macrophages lacking SP-A receptors
upregulate SR-A, promoting non-opsonic phagocytosis (99).
Macrophage receptor with collagenous structure (MARCO) is
another SR involved in macrophage phagocytosis of S. aureus,
and is especially important in AM and Kupffer cell phagocytosis of
S. aureus (100, 101). AMs from SR-A and MARCO knock-out
mice showed reduced phagocytosis of S. aureus (102).
Interestingly, the role of SRs in S. aureus infection appears to be
dependent on the type of infection. Mice deficient in three
different SRs (SR-A, CD36, and MARCO) were protected in
peritoneal infection, but adversely effected in pulmonary
infection (103). Furthermore, the importance of SRs appears to
be dependent on S. aureus strain, with some strains showing no
change in phagocytosis when SR binding is inhibited in human
MDMs (104). Therefore, it is difficult to define a single role of SRs
in S. aureus infection. However, it is clear that SRs are involved in
non-opsonized S. aureus phagocytosis, and may play an important
role in controlling lung infection.

Complement Receptors
The complement cascade is part of the innate immune system
which targets pathogens, mediated by multiple complement

FIGURE 2 | Key macrophage receptors used in phagocytosis of S. aureus. There are several receptors on the surface of a macrophages which can bind to S.
aureus leading to phagocytosis. Scavenger receptors bind directly to S. aureus. Fc receptors bind to the Fc region of antibodies which have bound to S. aureus.
Complement receptors bind to complement proteins which act as opsonins and are bound to S. aureus.

proteins. The key complement component is C3 which, when
cleaved by C3 convertase, generates important complement
effector components to mediate three main activities:
pathogens can be directly targeted with the formation of a
membrane attack complex to cause cell lysis, complement
proteins can promote recruitment of phagocytes to the
infection site and complement proteins can act as opsonins to
promote phagocytosis of coated pathogens.

Multiple S. aureus cell surface molecules activate the
complement cascade in human sera (80), with changes in
complement component levels observed in patients with S.
aureus bacteremia (105). Furthermore, human serum studies
show that mannose-binding lectin promotes complement
activation in response to S. aureus (106), while depletion of
complement is detrimental in S. aureus murine bacteremia or
septic arthritis infections (107). A mouse model of S. aureus
septic arthritis showed that deficiency in C3 increases
susceptibility to infection, potentially through decreased
peritoneal macrophage phagocytosis (108). The complement
components used as opsonins are C3b and iC3b, these can
bind phagocyte complement receptors CR1, or CR3 and CR4,
respectively. Macrophage-expressed complement receptors, CR3
and CR4, promote binding and internalization of iC3b opsonized
S. aureus (109). A therapeutic use of antibody complexes which
interact with erythrocyte CR1 and S. aureus have been developed
leading to enhanced bacterial degradation by macrophages (110).

S. aureus expresses multiple virulence factors to target
complement components. To inhibit complement activation, S.
aureus secretes extracellular fibrinogen-binding protein (Efb),
which binds to C3, blocking complement cascade effects
including opsonization (111). To interfere with C3 convertases,
S. aureus expresses staphylococcal complement inhibitor (SCIN)
(112). Although SCIN is a human-specific virulence factor, a
modified version used in animal models indicated that targeting
complement is important for host adaptation (113). S. aureus
also blocks complement opsonization. A secreted protein,
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Staphylococcus aureus binder of IgG (Sbi), has multiple functions
including binding C3b, and acting to inhibit complement
activation and opsonin-mediated macrophage phagocytosis
(114). Similarly, the S. aureus protein, extracellular complement
binding protein (Ecb) is used to inhibit C3b interactions with CR1
(115). Another role of complement activation is immune cell
recruitment, where complement component C5a is a
chemoattractant. S. aureus reduces phagocyte recruitment, using
CHIPS, which binds to C5a (86, 87). Together, these bacterial
defenses act to reduce complement-aided phagocytosis of S.
aureus. The large number of virulence factors targeting
complement highlights the importance of complement-mediated
immunity against S. aureus.

Fc Receptors

Fc receptors on the surfaces of phagocytes bind to the Fc region
of antibodies. Invading pathogens opsonized with antibodies are
more readily engulfed by phagocytes. Macrophages express Fcy
receptors, which bind IgG antibodies, triggering phagocytosis
(116-118). Antibodies against S. aureus are detected in human
sera in both healthy individuals and patients with S. aureus
infection (119). There are specific IgG antibodies against
staphylococcal o-hemolysin in the human population which
are present from a young age and increase in prevalence
during infection (120). There are differences in IgG antibody
levels present dependent on S. aureus colonization of individuals,
with colonization associated with higher IgG antibody
titers (121).

S. aureus expresses virulence factors which inhibit antibody-
mediated phagocytosis. Protein A (SpA) and Sbi interact with the
Fc region of human IgG antibodies (122, 123). This inhibits the
normal ability of the Fc region of IgG to bind to Fc receptors on
phagocyte membranes, which has been thought to hide S. aureus
from antibody-mediated phagocytosis. Despite this, it has
been demonstrated that S. aureus strains with more protein A,
and therefore more bound IgG, were not phagocytosed less by
alveolar macrophages in mice (124). Furthermore, phagocytosis
by neutrophils was actually higher for clinical strains with
greater IgG binding than for commensal strains (125). These
unexpected results could be due to differences between strains, or
may be due to the lack of significant changes in the rate of
phagocytosis caused by opsonin (126), suggesting that antibody
opsonization is not essential for adequate S. aureus phagocytosis.
Another virulence factor S. aureus uses to target antibodies is
staphylokinase (SAK), which triggers degradation of IgG, as well
as C3b on the bacterial cell surface (127). Since S. aureus has
multiple strategies to target antibodies, it is likely beneficial for
the bacteria to inhibit antibody binding, although whether this is
to specifically protect against antibody mediated-phagocytosis
is unclear.

Collectively, the presence of scavenger, complement and Fc
receptors gives phagocytes their unique phagocytic capabilities.
For example, if an Fc receptor is expressed on a non-phagocytic
cell, that cell gains the ability to phagocytose in a similar manner
to phagocytes (128). Many studies examine individual receptors
in isolation to simplify their characterization, however it is

important to note that in reality, all these receptors work
simultaneously together to coordinate phagocytic engulfment
of targets, including S. aureus.

MACROPHAGE FUNCTIONAL CHANGES
IN RESPONSE TO S. AUREUS

Upon interaction with S. aureus, macrophages may become
activated and create a positive immune response to control
infection, for example, by promoting phagocytosis and
releasing pro-inflammatory cytokines. However, in some cases
macrophage responses may be manipulated by S. aureus, leading
to ineffective or even detrimental host responses (Figure 1).
Macrophages respond to stimuli such as cytokines in their local
environment which alter macrophage functions. Under
homeostatic conditions, tissue macrophages are efficient at
tissue repair and healing, often characterized as ‘M2’, with
increased arginase metabolism (129, 130). In response to
danger, for example infection, macrophages can become pro-
inflammatory and efficient at pathogen killing, often
characterized as ‘M1’ with enhanced nitric oxide (NO)
production (130).

The M1 (pro-inflammatory) and M2 (anti-inflammatory)
macrophage classifications are used widely in research and are
referred to in this text. However, it is important to note that the
M1 and M2 characterizations are based on in vitro studies which
hypothetically represent two points on a continuum upon which
macrophages lie. Furthermore, M1 and M2 definitions have been
inaccurately associated with classical and alternatively polarized
macrophages, respectively (131). These in vitro descriptions may
not always correlate to in vivo macrophage phenotypes, which
varies dependent on cell origin and microenvironment, and
multiple stimuli in the in vivo environment may change over
time, for example during infection progression (132).

Macrophage interactions with S. aureus are dependent on the
type of pro- or anti- inflammatory immune response elicited
(Figure 3). Macrophages actively phagocytose planktonic (single
bacterial cells) S. aureus, but are less able to phagocytose biofilm-
associated bacteria (133). This has been extended to keratinocytes,
where S. aureus biofilms elicit a lesser inflammatory response than
planktonic bacteria (134). Furthermore, adequate abscess
formation in response to S. aureus dermal mouse infection
requires M1 macrophages, whereas the presence of M2
macrophages was associated with uncontrolled bacterial spread
(135). Changes in macrophage polarization are due, in part, to
variations in macrophage stimulation in different S. aureus
infection scenarios. M1 or M2 polarization leads macrophages
to respond to S. aureus differently, promoting pro- or anti-
inflammatory responses, respectively (136).

Pro-inflammatory Macrophage
Polarization

In some S. aureus infections, a robust pro-inflammatory
macrophage response can lead to efficient phagocytosis of
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S. aureus after sensing bacterial components. After initial
S. aureus infection, AMs undergo M1 polarization and secrete
pro-inflammatory cytokines (137). M1 macrophages
phagocytose and kill intracellular pathogens, generate reactive
oxygen species (ROS), nitric oxide (NO) and pro-inflammatory
cytokines and can express class II major histocompatibility
complex molecules (MHC-II) (138). Macrophages are also
capable of longer-term memory in response to recurrent S.
aureus infection. In localized skin infections, prior infection
reduced subsequent infection severity by priming macrophages
toward pro-inflammatory phenotypes (139).

Toll-like receptors (TLRs) recognize bacterial components,
signaling through MYD88 innate immune signal transduction
adaptor and nuclear factor kappa-light-chain-enhancer of
activated B cells (NF-kB) to upregulate inflammatory gene
expression, including pro-inflammatory cytokines such as TNF-
o, IL-6, and IL-1B. TLR2 is particularly important in S. aureus
infections. In peritoneal macrophages, TLR2 recognizes S. aureus
PGN, leading to both MYD88 and NF-«B signaling (140). In
addition, TLR2 to detects S. aureus lipoproteins, shown in
keratinocytes where it induces NF- B activity, lipoprotein
activation of TLR2 which was similarly observed in J774
macrophages, leading to pro-inflammatory cytokine production
(141, 142). Loss of MYDS88 from macrophages inhibited
production of TNF-a. after exposure to S. aureus cell wall (143).
Similarly, loss of TLR2 led to reduced pro-inflammatory cytokine
expression in peritoneal macrophages infected with S. aureus
(144). Mice deficient in TLR2 or MYDS88 have an increased
susceptibility to S. aureus infection, as well as a reduction or loss

of macrophage expression of pro-inflammatory cytokines TNF-o.
and IL-6 (140, 145). TLR2 can also be recruited to S. aureus-
containing phagosomes in macrophages, initiating cytokine
production following bacterial degradation (146). CD14 is a co-
receptor for TLR2 and, together, they act to promote a pro-
inflammatory response, including by M1 polarization of
macrophages (147-149). S. aureus PGN and LTA bind to CD14
and cause TLR2-mediated activation of NF-kB in HEK cells (150).
Studies on S. aureus and TLR2 signaling have mainly focused on
leukocytes, but S. aureus may promote alternate inflammatory
responses in other cell types. For example, LTA stimulation of
TLR2 on endothelial cells may promote an anti-inflammatory
response (151).

As with other aspects of the immune system, TLR2 and NF-
KB signaling may be undermined in S. aureus infection. Activity
of c-Jun N-terminal kinase (JNK) has been associated with TLR2
in S. aureus infection, with JNK mediating cell responses to
stress. TLR2 signaling through the JNK pathway may be required
for macrophage phagocytosis of S. aureus (152), however, TLR2-
activated JNK signaling in response to S. aureus reduces
macrophage superoxide generation and enables prolonged
survival within the phagosome (153). Similarly, loss of TLR2 in
infected peritoneal macrophages was associated with reduced S.
aureus catalase and superoxide dismutase activity (144). S.
aureus strains lacking lipoproteins can escape immune
recognition by TLR2 (154). Additionally, NF-xB activation is
required for macrophage phagocytosis of S. aureus, since
inhibition of NF-kB blocks bacterial uptake (155). NF-kB
activation is reduced in S. aureus-stimulated macrophages by

Frontiers in Immunology | www.frontiersin.org

36

January 2021 | Volume 11 | Article 620339


https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles

Pidwill et al.

Macrophages in Staphylococcus aureus Infection

activation of a macrophage receptor involved in phagocytosis of
apoptotic cells (MerTK), which leads to a reduced inflammatory
response to staphylococcal LTA (156). Overall, these studies
indicate that pro-inflammatory mediators TLR2 and NF-«B are
important in the macrophage response to S. aureus and are a
target of subversion.

S. aureus has further strategies to manipulate macrophage
polarization to limit pro-inflammatory responses. Protein kinase
B (Aktl) signaling induced by S. aureus was shown to decrease
macrophage M1 polarization, with mice deficient in Aktl having
improved bacterial clearance. Aktl-deficient macrophages have
increased pro-inflammatory cytokine expression and NF-xB
activity (157). S. aureus induction of macrophage polarization
is also modulated by microRNAs. MicroRNA-155 is involved in
Aktl-mediated macrophage polarization (157), while
microRNA-24, a regulator of macrophage polarization, has
reduced expression during S. aureus infection (158).

Anti-inflammatory Macrophage
Polarization
In certain S. aureus infections, for example in established biofilm
infections, an anti-inflammatory response occurs, promoting
continued bacterial survival within the host. M2 polarized
macrophages and reduced phagocytosis are found in chronic
rhinosinusitis, a condition associated with S. aureus colonization
(159). In mice, S. aureus biofilms prevent phagocytosis by
macrophages, as well as reduce inflammation through
attenuation of pro-inflammatory host responses, favoring an
M2 macrophage phenotype (133). In a rat S. aureus biofilm
periprosthetic joint infection model, an increase in the number of
M2 macrophages is observed (160). Additionally, AMs are more
likely to become an M2 phenotype in S. aureus infections at later
time-points in infection (137). Together these reports suggest
that established S. aureus infections promote M2 polarization.
Antibodies may facilitate S. aureus-mediated M2 polarization
in chronic rhinosinusitis, whereby bacterial virulence factors
cause an increased production of IgE, which in turn promotes
M2 polarization (159, 161). Furthermore, biofilm secretion of
cyclic di-AMP promotes anti-inflammatory cytokine release
from macrophages (162), and S. aureus virulence factor
secretion from biofilms reduces macrophage phagocytosis
(163). S. aureus expresses clumping factor A (CIfA) to reduce
phagocytosis and subsequent pro-inflammatory response, and
this is suggested to be due to immuno-modulation (164).
TLR2, MYD88 and NF-kB signaling are also involved in S.
aureus biofilm infections and are targeted by S. aureus to
manipulate the macrophage response. In early control of cranial
biofilm infection spread, TLR2 is associated with macrophage IL-
1B pro-inflammatory cytokine production, but this signaling was
insufficient to clear infection (165), perhaps due to established
infection manipulation of the macrophage response. Interestingly,
addition of IL1-P to led to increased bacterial growth of biofilm, but
not planktonic, S. aureus, suggesting that biofilms react to host
cytokines to promote survival (166). Catheter-associated biofilm
infections in MYD88-deficient mice have increased bacterial
burden and dissemination, reduced expression of pro-

inflammatory cytokines, and an increased number of M2
macrophages (167). This knowledge has led to production of
biofilm treatments which promote a M1, rather than M2
macrophage polarization. Addition of M1 macrophages to the
site of an in vivo biofilm, led to reduced bacterial burden (168).
Remarkably, a therapeutic approach which promotes pro-
inflammatory monocyte polarization lead to clearance of
established biofilms in mice (169).

Cytokines in Macrophage Polarization
Macrophages are able to sense cytokines released in the local
environment, including cytokines released by nearby activated
macrophages in response to S. aureus infection. Following binding
of cytokines to receptors, the action of the Janus kinase (JAK) and
signal transducers and activators of transcription (STAT) signaling
pathway mediate transcriptional changes (170). The JAK/STAT
pathway is important for activation of macrophages, induction of
inflammatory responses, and inhibition of apoptosis.

Exposure of MDMs to S. aureus alters the expression of 624
genes, with JAK/STAT signaling changed in early infection
(171). JAK/STAT signaling is induced by PGN, leading to
phagosome maturation in macrophages containing S. aureus
(172). Interestingly, in murine influenza and MRSA co-infection,
STAT?2 is important in macrophage polarization, where STAT2-
deficient mice had improved bacterial burden, potentially caused
by an increased number of M1 macrophages (173). Human
MDMs with an established S. aureus infection harbored viable
intracellular bacteria within vesicles, however, MDM apoptosis
or necrosis was not observed until S. aureus escaped to the
cytosol (18). Further to this, addition of isolated S. aureus PGN
can increase anti-apoptotic signals in infected macrophages,
likely through the JAK/STAT and NF-xB signaling pathways
(174). Macrophages which have phagocytosed S. aureus have
increased expression of anti-apoptotic genes, enabling continued
intracellular bacterial survival (175). To induce this, S. aureus
upregulates macrophage myeloid cell leukemia-1 (MCL-1)
expression, an anti-apoptotic gene which enhances anti-
inflammatory cytokine release (176). In contrast to these
macrophage studies, the presence of S. aureus increases
apoptosis in neutrophils (177). Therefore, macrophages may be
a prime target for subversion and intracellular persistence.

Interferon-beta (IFN-B) is a cytokine with roles in
antimicrobial defense of infected cells, as well as innate and
adaptive immunity (178). S. aureus can induce a strong IFN-3
response in airway infection models, where protein A stimulates
IFN-B production, likely via TLR9 or NOD2 signaling (179, 180).
However, dependent on the S. aureus strain used, there is
diversity in the IFN response induced (181). Following other
routes of infection, S. aureus induces variable IFN-B production
by macrophages, though IFN-B production or treatment has
been shown to be beneficial for the host during S. aureus
infection. S. aureus resistance to macrophage degradation
causes the reduced IFN-B production, which is lower than that
induced by comparable pathogens (182). This suggests a lack of
sufficient IFN-fB induction is detrimental to the host. IFN-f
production by macrophages is inhibited by TLR2 signaling
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during S. aureus infection. TLRS, an intracellular TLR, senses S.
aureus RNA in infected macrophages and monocytes, leading to
IFN-B production via MYD88 signaling (183). TLR2 is a key
sensor of S. aureus and therefore the antagonistic role of TLR2
and TLR8 signaling may ultimately reduce macrophage IFN-
B production.

IL-1B is another pro-inflammatory cytokine with important
roles in controlling S. aureus infection. In a brain abscess S. aureus
infection, mice deficient in IL-1B (or TNF-o) were subject to
significantly enhanced mortality and greater bacterial burden
when compared to wild-type mice (82). In a sub-cutaneous
model, mice deficient in MYD88 or IL-1R had significantly
bigger lesions and bacterial burden, with IL-1R activation
required for neutrophil recruitment to S. aureus-infected sites
(184). Similarly, mice deficient in IL-1f3 had larger lesion size,
greater colony forming units (CFUs) and reduced neutrophil
attraction following in vivo cutaneous challenge (185).
Supplementation of IL-1 KO mice with recombinant IL-1f
restored the mice’s ability to control infection and clear S.
aureus (185). In contrast, in murine airway S. aureus infection,
IL1-B is associated with immunopathology (186), and addition of
recombinant IL- 3 reduced bacterial clearance (187). Interestingly,
activated platelets which release IL-1 act to enhance macrophage
phagocytosis and killing of S. aureus, suggesting both platelets and
IL1-B have an important role in the phagocyte response (188).

MECHANISMS USED BY MACROPHAGES
TO KILL S. AUREUS

Once macrophages are activated, have located and phagocytosed
S. aureus, the macrophage’s powerful degradative processes are
used to kill the bacteria. Macrophages have a range of
mechanisms to destroy phagocytosed pathogens (Figure 4),
including release of reactive oxygen species (ROS), reactive
nitrogen species (RNS), enzymes and antimicrobial peptides, as
well as acidification of the phagolysosome, nutrient restriction,
and autophagy. In addition, macrophages can target extracellular
bacteria with extracellular traps.

Macrophage Production of ROS and RNS
NADPH oxidase (NOX2) is an enzyme located on the
phagosome membrane, assembly of the oxidase is induced
which then allows it to catalyze superoxide production (O3)
and subsequent ROS, termed the oxidative burst. Superoxide can
be converted into a variety of different ROS (see Figure 5), all of
which are toxic to some degree. ROS production is considered
the key killing mechanism for both macrophages and neutrophils
(189), and is important for clearance of S. aureus (61, 190).
NOX2 is activated by signals from phagocytic receptors, such
as FcyR and macrophage-1 antigen (Mac-1) (22, 191), resulting
in electron transfer from reduced NADPH in the cytosol to
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phagosomal oxygen. Ras-related C3 botulinum toxin substrate
(Rac), a small GTPase, is necessary for best operation of NOX2
(192, 193). Rho GDP-dissociation inhibitor (RhoGDI) inhibits
Rag, stabilizing the active, GDP-bound form until inhibition is
reversed upon NOX2 activation (194, 195). NOX2 has 5 main
components (see Figure 5), two of which are membrane-
spanning: gp917"** and p22°"°*, while three are cytosolic:
p40Phox, pa7Phox and p677"°* (196). Gp917"** and p22°"°* are
located on Rabll-positive recycling endosomes, Rab5-positive
early endosomes and the plasma membrane (197). When NOX2
is activated, the three cytosolic components are recruited to bind
gp917"°* and p22°"°* at the vesicle membrane via phagocytic
cups, Rac recruits GTP and binds to p67°"°%, and the NOX2
machinery fuses with the nascent phagosomal membrane,
producing superoxide. Superoxide production occurs almost
immediately, even before phagosomes are sealed, implying that
the NOX2 assembly is fast (198, 199).

Although superoxide (Oy) itself is able to destroy bacteria, it
is extremely volatile and degrades into hydrogen peroxide
(H,0,), or interacts with nitric oxide (NO) to produce
peroxynitrite (ONOO™) (189, 200, 201) (Figure 5). When iron
or other catalytic metals are present in the phagolysosome,
possibly due to release from phagosomal proteins, H,O, and
O; can react to form a hydroxyl radical (OH"); a process known
as the Fenton reaction (202-204). Myeloperoxidase (MPO) is the
enzyme that catalyzes hypochlorous acid (HOCI) formation
from H,0, and chloride. This is abundant in neutrophils,
although other phagocytes including macrophages express it
(201, 205). Hypochlorous acid is thought to contribute to

microbicidal activity induced by H,0,, however, hypochlorous
acid is not critical for antimicrobial activity. This is demonstrated
by the fact that patients deficient in MPO have similar
susceptibilities to bacterial infections as healthy individuals (61,
206, 207). Chronic granulomatous disease (CGD) patients have
mutations in one of the subunits of NOX2, resulting in an
inability to make ROS. CGD patients are significantly more
susceptible to S. aureus infection (208). CGD is most
commonly due to defects in the genes for gp917"°* or p47°",
with only 5% of CGD cases due to mutations in genes coding for
p22°"°%, p40Pho* and p67F"°* (208-214). Macrophages are
implicated in CGD bacterial diseases, since a characteristic of
CGD is hepatic abscesses, suggesting the importance of Kupfter
cells in control of microbes (215).

In addition to ROS, phagocytes produce RNS. Production of
NO radicals is catalyzed by inducible nitric oxide synthase
(iNOS) (216). iNOS is only expressed in response to
inflammatory stimuli, with IFN-y being the key cytokine
required for iNOS induction in macrophages (216, 217). Upon
reaction of NO with superoxide, peroxynitrite is formed, which is
toxic to phagocytosed microbes’ proteins and DNA (218, 219).
However, mice deficient in iNOS do not suffer a significant
increase in intracellular S. aureus upon infection, while mice with
NOX2 deleted (cybb™'") had significantly increased intracellular
burden and hence greater mortality (61, 220, 221). This
underlines the importance of NOX2 in defense against S. aureus.

There is limited data on the concentration of ROS within the
phagosome, much of it relating to neutrophils. Macrophage
oxidative burst peaks approximately 30 min post-phagocytosis,
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although it is maintained for over 60 min (222, 223). In the
neutrophil phagosome, the concentrations of O; and H,O, are
estimated to be 25 and 2 pM, respectively. However, in the
absence of MPO, these concentrations are higher: over 100 uM
and 30 pM, respectively (224). This is important, due to
macrophages possessing lower concentrations of MPO than
neutrophils (205). Macrophages have been estimated to
produce 50 uM of O; and 1 to 4 uM H,0, at neutral pH
(225). These concentrations were determined using computer
modeling to approximate the speed NOX2 can produce Oj, the
volume of the phagosome, the rate of spontaneous dismutation
into H,O,, and the frequency of H,0, diffusion across the
phagosome membrane into the cytoplasm (224, 225). There
are margins for error at each stage of these calculations,
particularly as this assumes homogeneity within the
phagosome. In vitro measurement of macrophage ROS may be
more accurate. However, as these concentrations of ROS are very
small and the oxidative burst occurs rapidly, there are difficulties
in accurately measuring this.

ROS are also produced by the mitochondria. Mitochondrial
ROS (mROS) are, in most cases, the by-product of oxidative
phosphorylation. However, more recent studies have
demonstrated mROS act as a microbial defense mechanism
within macrophages (226, 227). When macrophages were
treated with histone deacetylase inhibitors (to test possible
downregulation of host immune responses) alongside infection
with either Salmonella or E. coli, intracellular bacterial clearance
was enhanced via upregulation of mitochondrial ROS, an effect
which was reversible upon inhibition of mitochondrial function
(226). Furthermore, signaling through Toll-like receptors,
specifically TLR1, TLR2, and TLR4, in macrophages leads to
recruitment of mitochondria to the phagosome and an alteration
in mROS (227, 228). Additionally, when mitochondria were
induced to express catalase, Salmonella clearance was decreased
(227). Likewise, infection of macrophages with S. aureus triggered
production of mROS, primarily H,O,, which was delivered to the
bacterial-containing phagosome by mitochondria-derived vesicles,
contributing to bacterial killing (228). This was determined to be
induced by endoplasmic reticulum stress, dependent on TLR
signaling and mitochondrial superoxide dismutase 2 (228).
Moreover, mitochondria associate to the membrane of S.
aureus-containing macrophage phagosomes to increase mROS
production and activate caspase-1, leading to acidification of the
phagosome. However, expression of alpha-hemolysin by S. aureus
was able to counteract these effects (229). Furthermore, S. aureus
counteracts recruitment of mitochondria to the macrophage
phagosome membrane in a caspase-11-dependent manner, with
caspase-11 deletion in mice enabling mitochondrial association
with S. aureus vacuoles, increased mROS and improved bacterial
clearance (230).

S. aureus Response to ROS

ROS can damage biomolecules including essential enzymes and
DNA (225). However, bacteria have evolved mechanisms to
withstand ROS and RNS. Staphylococcal peroxidase inhibitor
(SPIN) is secreted by S. aureus. SPIN attaches to and

incapacitates human MPO (231). Structural analysis revealed
that SPIN acts as a “molecular plug”, occupying the active site of
MPO and thus refusing entry to the H,O, substrate (231).
Expression of SPIN was maximal within a phagosome, which
is the location of MPO, and S. aureus mutants deficient in SPIN
have reduced survival following phagocytosis when compared to
wild-type S. aureus (231), this was demonstrated with
neutrophils but is likely to occur in macrophages.

S. aureus possesses two superoxide dismutases which
incapacitate superoxide radicals, superoxide dismutase A
(SodA) and superoxide dismutase M (SodM) (232). Some
studies have identified SodA and SodM as important for S.
aureus virulence (232, 233), while others show only marginal
effects (234, 235). Manganese ions act as a co-factor for SodA and
SodM, upregulating superoxide dismutase activity without
affecting transcription, and S. aureus is more susceptible to
manganese starvation in the absence of these proteins (232,
236). SodA is valuable in resisting superoxide stress in the
presence of manganese, while SodM is crucial when in
manganese-scarce environments (236). SodM is not present in
other staphylococci, and this role of inhibiting host ROS during
manganese restriction may explain why S. aureus has acquired a
second superoxide dismutase.

Resistance to oxidative stress in S. aureus is mediated, in part,
by transcriptional regulators. Peroxide regulator (PerR) is an
important regulator which controls a regulon of many
antioxidant genes. In particular, alkylhydroperoxide reductase
(AhpC) and catalase (KatA) are involved in resisting peroxides
and H,0, respectively (237). The genes encoding these two
proteins are regulated in a compensatory manner: mutation in
ahpC enhanced (rather than reduced) H,O, resistance, as katA is
upregulated by removal of PerR repression (237). AhpC was
similarly able to compensate for katA mutation. Deletion of both
katA and ahpC caused a significant growth defect, with S. aureus
unable to remove intra- or extracellular H,O,, meaning H,0,
accumulated to toxic levels in the media (237). S. aureus mutants
lacking two component regulator staphylococcal respiratory
response AB (SrrAB) were more susceptible to H,O,, with
katA and ahpC transcriptionally downregulated (238).
Susceptibility to H,O, was reversed by iron sequestration or
perR repressor gene deletion (238). Another study showed that
the msaABCR operon of S. aureus regulates expression of genes
involved in oxidative stress (239). Staphyloxanthin, a carotenoid
pigment, is a strong antioxidant which is regulated by cold shock
protein (CspA), alongside the organic hydroperoxide resistance
gene which defends specifically against oxidative stress caused by
organic hydroperoxides. This implies involvement of ROS
resistance genes in persistence of S. aureus (239).

A transposon screen found there were five S. aureus regulons
which are crucial for NO resistance (240). Flavohemoglobin
(Hmp) is necessary for resistance to NO in some bacterial
species, because it acts as a denitrosylase, removing NO (241).
This is strictly controlled, as Hmp expression in the absence of
NO leads to enhanced oxidative stress (242). Nitrite-sensitive
repressor (NsrR), is the NO-sensing transcriptional regulator of
Hmp used by many bacteria to detect and react to NO (242-245).
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S. aureus does not possess NsrR, instead, the two-component
regulator SrrAB controls Hmp (243). Additionally, modifications
to S. aureus metabolism may increase bacterial NO resistance.
Infection of RAW 264.7 cells with a S. aureus TCA cycle mutant
had reduced NO production and iNOS activity when compared
to wild-type S. aureus (246).

S. aureus can take advantage of host signaling in order to
escape oxidative killing. In wild-type mice, S. aureus
phagocytosis by macrophages led to JNK activation in a TLR2-
dependent manner; JNK activation caused inhibition in
superoxide production, impairing the ROS cascade and
prolonging survival of the bacteria. When TLR2-deficient mice
were used, the macrophages were more able to readily kill S.
aureus (153). TLR2 expression is higher in S. aureus-infected
macrophages (144), and S. aureus were more able to escape
killing by peritoneal macrophages when anti-TLR2 antibodies
were used (247).

S. aureus produces lipoic acid, which also restricts ROS and
RNS production by macrophages, to enhance bacterial survival
(248). Lipoic acid is a metabolic cofactor which is synthesized by
the lipoic acid synthetase (LipA), which limits macrophage
activation by reducing TLR1 and TLR2 activation by bacterial
products (249). A S. aureus lipA deletion mutant caused
significantly more TLR2-dependent pro-inflammatory cytokine
production (249). Exogenous lipoic acid can reduce neutrophil
oxidative burst through radical binding as well as recycling
antioxidants, inhibiting NF-xB transport into the nucleus, and
reducing production of inflammatory cytokines (250-254).
Macrophages which were recruited to the site of infection with
the lipA mutant produced significantly greater amounts of ROS
and RNS than those attracted to sites infected with wild-type S.
aureus (248); in this case, ROS and RNS (but not mitochondrial
ROS) were important for controlling S. aureus lipA infection
(248). This suggests that lipoic acid production by S. aureus
promotes persistence of the bacteria.

Macrophage Phagosomal Acidification
Acidification of the phagosome is another key mechanism
involved in killing phagocytosed bacteria. A low phagosomal
pH may directly affect S. aureus survival, since bacterial growth is
reduced at pH 4.5 (255). Additionally, acidification has an
important impact on phagosomal enzymes, for example
cathepsins, which have optimal efficacy at low pH. Phagosomal
enzymes are discussed in detail in the enzymes section below.
Macrophage phagosome acidification is generated by an
influx of protons (H+) into the phagosome by vacuolar-type
proton transporting ATPase (v-ATPase), which is present in
phagosome membranes (256). The action of v-ATPase reduces
the pH of endosomes and lysosomes to ~6 and ~4.5, respectively
(257). Fusion of endosomes and lysosomes, which are enriched
with v-ATPase, is an important part of phagosome maturation,
the continued delivery of v-ATPase causes increasing
acidification throughout sequential stages of phagosome
maturation (258). In addition to this, the permeability of the
phagosome to protons is important in maintenance of low pH,
therefore as phagosomes mature, proton permeability is
decreased to preserve acidification (259). However, phagosome

acidification commences before lysosomal fusion events occur,
demonstrating that v-ATPase is also present at an earlier stage is
phagosome maturation (256). Indeed, v-ATPase is found on the
plasma membrane of phagocytes where it is used to maintain
cytosolic pH (260, 261). The v-ATPase present in plasma
membranes are likely internalized during phagocytosis and
responsible for acidification at very early timepoints of
phagocytosis, with additional v-ATPase delivered during
phagosomal maturation leading to increased acidification.

Phagosomal acidification is well documented in S. aureus
infection. In S. aureus-infected murine peritoneal macrophages,
the phagosomal pH is reduced to 5.7 to 6 within 6 to 8 min of
infection, and this is dependent on v-ATPase (256, 259). Indeed,
the average phagolysosomal pH of RAW 264.7 cells infected with
S. aureus was measured as 5.43 12 hours post-infection (262). S.
aureus phagocytosed by Kupffer cells is trafficked to an acidified
phagosome, as demonstrated in intravital imaging of murine
infections (263). Another study shows that S. aureus
peptidoglycan can induce macrophage phagosome maturation
through JAK-STAT signaling (172). Low pH is also important in
efficiently killing S. aureus in neutrophils (264). Non-
professional phagocytes, including epithelial cells and
endothelial cells, are also shown to traffic S. aureus to an acidic
phagosome (19, 20, 265, 266). Phagosome maturation proteins
are involved in S. aureus degradation. For example, copper
metabolism gene MURRI domain (COMMD) proteins
regulate both intracellular trafficking and transcription factors.
Kupffer cells effectively kill S. aureus, where phagosomes mature
in a COMMD10-dependent manner, required for phagosome
acidification and optimal bacterial killing (267).

S. aureus can adapt to the acidic phagosome, with recent
studies suggesting that exposure to acidification may even
promote intracellular bacterial survival. S. aureus can survive
and replicate within mature acidic phagosomes, as demonstrated
using murine macrophages and human MDMs (16). S. aureus
can survive and replicate within murine AMs, and inhibiting
phagosome acidification caused a small drop in bacterial survival
(268). Similarly, THP-1 cells were also used to show that
inhibiting phagosome acidification reduced S. aureus survival,
where exposure to low pH was shown to induce virulence factor
expression (269). THP-1 cells which are deficient in phagosomal
acidification had improved bacterial killing of S. aureus strain
USA300, although not the Newman strain (270). Phagosomal
acidification has even been proposed to be requisite for S. aureus
intracellular survival, the bacterial GraXRS regulatory system is
used to sense low pH, where S. aureus promotes adaptive
responses enabling bacterial growth within the phagosome,
shown to be required for bacterial survival within murine
Kupfter cells in vivo (262).

Other studies show that macrophages with phagosomes
containing S. aureus do not acidify appropriately. Reduced
acidification of the phagosome was observed in THP-1 cells
when infected with S. aureus, in comparison to E. coli or S.
pneumoniae, and the authors suggest that reduced acidification
may precede bacterial escape (73). S. aureus has also been shown
to reside within non-acidified vesicles in epithelial cells (271).
Presence of other material in the phagosome with S. aureus
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reduced the acidification of Kupffer cell phagosomes, promoting
S. aureus survival (272). Whether phagosomes containing S.
aureus properly acidify, leading to beneficial or detrimental
effects on the host, likely depends on multiple factors; cell
types, bacterial strains, timepoints and phagosomal markers
studied, as well as the antagonistic roles of ROS production
and proton influx discussed below.

There is evidence that the actions of phagosomal NOX2 and
v-ATPase are antagonistic. In the early stages of phagosomal
maturation, ROS production by NOX2 may buffer acidification
through rapid consumption of protons. The oxidative burst is
therefore intrinsically linked to phagolysosome acidification (73,
273), and, as such, oxidation can delay phagosomal maturation
(223). In neutrophils, NOX2-dependent reduction of phagosome
acidification is caused by proton consumption, as well as
decreased v-ATPase recruitment to the phagosome and
increased membrane permeability to protons (274). Caspase-1
limits the antagonism of NOX2 and v-ATPase in macrophages
infected with S. aureus by regulating NOX2 activity (through
cleavage of NOX2 components) to promote phagosomal
acidification (275). Interestingly, phagosomes of pro-
inflammatory M1-like human macrophages acidify less in
comparison to anti-inflammatory M2-like macrophages, due to
sustained NOX2 retention on the phagosome and associated
proton consumption by the ROS produced (223). Since
proteolytic enzymes are less functional at higher pH, the
antagonistic effects of NOX2 activity on pH may reduce the
degradative capacity of the phagosome. It has been hypothesized
this ensures ROS-mediated destruction of microbes before
subsequent degradation of microbial products (22). Antigen
presenting cells present antigens to the adaptive immune
system. In macrophages and dendritic cells, increased NOX2
activity is associated with reduced proteolysis (273, 276-278),
meaning antigens are retained longer for improved presentation
to adaptive immune cells (279). There appear to be multiple
mechanisms causing NOX2 and v-ATPase antagonism, which
differ between cell types, likely due to their different roles. As
limited studies use macrophages, which have important roles in
antigen presentation, there remain many unanswered questions.

The Role of Macrophage Enzymes

in Controlling S. aureus Infection

Mature phagosomes may contain hydrolytic enzymes that kill
bacteria efficiently. These include proteases, lipases, phosphatases
and glycosidases. These enzymes have optimal efficacy in acidic
conditions (280, 281). The acidification of mature phagosomes is
discussed above.

The phagosome of macrophages can contain lysozyme, which
is an enzyme that cleaves bacterial peptidoglycan. S. aureus is
resistant to lysozyme due to acetylation of PGN by O-
acetyltransferase (OatA) (282). PGN acetylation may also
reduce activation of the NLRP3 inflammasome, avoiding
induction of IL-1B (283). IL-1f is produced by phagocytes in
response to inflammasome activation and is a key weapon in the
arsenal of the immune system against S. aureus (82). The NLRP3
inflammasome is activated by exposure to phagocytosed PGN

(283). In order to trigger this response, PGN must be partially
digested by lysozyme. Thus, the ability of OatA to induce
resistance to lysozyme suppresses activation of the NLRP3
inflammasome and subsequent IL-1f induction, demonstrated
both in vitro and in vivo (282, 283). Underlining the importance
of the inflammasome, mice deficient in inflammasome
component apoptosis-associated speck-like protein containing
a caspase recruitment domain (ASC), failed to induce IL-1P3
expression and suffered increased lesion size, increased CFUs
and decreased neutrophil attraction upon challenge with S.
aureus (185). Interestingly, the route of S. aureus infection
influences the role of the inflammasome. S. aureus is known to
commandeer the NLRP3 inflammasome during lung infection to
aggravate pathology (284), while inflammasome activation
during skin and soft tissue infection leads to clearance of the
bacteria (285). For further discussion of inflammasome
involvement in S. aureus infection, see (286).

Cathepsins are proteases found in the lysosomal compartment
which are highly expressed in macrophages. Cathepsin D-deficient
mice were more susceptible to infection with intracellular pathogen
Listeria monocytogenes, which survived phagosomal killing
significantly more than in wild-type mice (287). Cathepsin D is
thought to act by degrading secreted bacterial virulence factors
(287). Cathepsin G secreted from neutrophils damages S. aureus
biofilms (288). Cathepsins have been shown to be involved in
macrophage S. aureus engulfment and killing, with cathepsin L
indicated as an inducer of non-oxidative killing, and cathepsin K
important in induction of IL-6 production (289). The method of
cathepsin-mediated S. aureus killing is thought to be direct
proteolytic damage (289). In addition to modulating IL-6
production from macrophages, cathepsins can also influence IL-
1B production (290, 291). This has been demonstrated in a bone
marrow-derived macrophage model of Mycobacterium
tuberculosis infection, whereby cathepsin release was critical for
inflammasome activation and IL-1f production (292), providing
evidence that this may be a common mechanism to control
intracellular bacteria.

A further example of macrophage antimicrobial enzymes is
phospholipases, which influence immunomodulatory compounds
and attack the membrane of microbes. For example, the group ITA
secreted phospholipase A2 (IIA-sPLA2) has strong antimicrobial
activity against bacteria, especially Gram-positives (293, 294). IIA-
sPLA2 mediates S. aureus cell membrane and cell wall damage,
leading to bacterial cell death (293). Specifically, IIA-sPLA2 targets
phosphatidylglycerol in the bacterial cell membrane, with the
strong positive charge of PLA2 binding efficiently to the
negative charge of bacteria (295). A S. aureus mutant deficient
in wall teichoic acid (WTA) was around 100-fold more resistant to
ITA-sPLA2 Kkilling, likely caused by reduced access to the cell
surface for PLA2 binding (296). Interestingly, one study found that
S. aureus degradation was only successful when ITA-sPLA2 was
accompanied by neutrophil NOX2 activity, independent of MPO
(297). Since macrophages, unlike neutrophils, produce ITA-sPLA2,
these complementary oxygen-dependent and -independent killing
mechanisms may play a role in macrophage-mediated
S. aureus degradation.
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Antimicrobial Peptides in Macrophage
Defense Against S. aureus

Antimicrobial peptides (AMP) tend to be positively charged and
damage the membrane of pathogens. In order to defend itself
against AMPs, S. aureus modifies its cell membrane by reducing
the negative charge to repel cationic AMPs, thus minimizing
electrostatic interactions. Negatively-charged lipids in the
cytoplasmic membrane have positively-charged lysine added to
them, catalyzed by enzyme multiple peptide resistance factor
(MprF), with a similar effect carried out by addition of D-alanine
onto cell WTAs, produced by the dlt operon gene products (298-
300). S. aureus which have accumulated extra copies of the dit
operon possess teichoic acids with more D-alanine, and hence a
greater positive surface charge and lesser susceptibility to binding
and damage by cationic AMPs (300). Mutants that are more
susceptible to AMPs display teichoic acids that lack D-alanine,
when compared to wild-type bacteria (300, 301), meaning they
were more attractive to cationic AMPs, including human
defensin HNP1-3 (300). Through this mechanism, MprF was
found to enable resistance to defensins and protegrins (299). S.
aureus with an MprF deficiency were significantly attenuated in
mice and killed with considerably more efficiency by human
neutrophils, as well as displaying an inability to grow within
macrophages (262, 299). S. aureus has also been shown to
counteract the activities of AMPs by integrating lysyl-
phosphatidylglycerol in S. aureus cell membranes, and
expressing the AMP transporter VraFG, which promotes
resistance to cationic AMPs (301).

AMP hepcidin is released by macrophages (and neutrophils)
in vitro and in vivo upon microbial detection via TLR-4 in order
to limit iron availability (302). Furthermore, cytokines including
TNF-a, IEN-y, IL-1, and IL-6 also induce iron modulation (303-
309). For example, upon detection of bacteria, IL-6 is stimulated
to directly induce expression of hepcidin, leading to hepcidin
binding ferroportin, an iron transporter, which causes
ferroportin degradation. Degradation of ferroportin reduces the
concentration of circulating iron, although it may increase
intracellular iron which may have a beneficial effect on
intracellular bacteria (310-312). However, other studies show
that hepcidin mRNA was induced in RAW 264.7 macrophage-
like cells when stimulated with IFN-y and mycobacteria, but not
when the stimulating cytokine was either IL-6 or IL-1f (313).

Calprotectin, an AMP present in monocytes, neutrophils and
early macrophages (314, 315), sequesters metal ions to reduce
their bioavailability. This has been particularly well-documented
for iron, manganese and zinc (316-318). In fact, calprotectin
is able to use this sequestration of metal ions to successfully
inhibit growth of S. aureus in a mouse abscess model (317, 319).
The S. aureus manganese transporters MntH and MntABC have
been shown to work synergistically to overcome manganese
scavenging by calprotectin (320). To overcome zinc scavenging,
S. aureus expresses two zinc transporters and the metallophore
staphylopine (321). Furthermore, bone marrow derived
macrophages (BMDM) which were primed with calprotectin
were induced to produce IL-6, CXCL1 and TNF-ca, while

BMDMs without calprotectin had a significantly reduced pro-
inflammatory response (322).

Cathelicidins have multiple functions, including inducing
antimicrobial action, guiding immune cell differentiation
toward proinflammatory effects and steering chemotaxis (323).
Cathelicidins opsonize bacteria to significantly enhance
phagocytosis of S. aureus by macrophages in vitro by up to 10-
fold (324). Cathelicidin fowlcidin-1 induces expression of pro-
inflammatory cytokines in order to activate macrophages
protecting mice from death in a normally lethal intraperitoneal
MRSA infection (325). Furthermore, cathelicidin LL-37
improves macrophage killing of S. aureus, with LL-37
endocytosis by macrophages correlated with enhanced ROS
production and lysosomal fusion (326).

Metal Accumulation and Restriction

in the Phagosome

Metal ions are essential for bacterial metabolic activity,
reproduction and oxidative stress defense (327). However,
metal ions are also involved in production of ROS and RNS
(328). Immune cells reduce availability of metal ions and alter the
metabolic use of metal ions, termed ‘nutritional immunity’ (204,
328). Nutritional immunity studies show limiting availability to
metal ions inhibits bacterial growth (329).

The role of metals in phagocytic microbial control has been
extensively reviewed (330). Briefly, metal ions iron and
manganese are restricted from the phagosome, while copper
and zinc are used to overwhelm microbes with toxicity (330).

Although metal ions are essential and contribute to the
functionality of many bacterial enzymes, high concentrations
can be toxic to bacteria by enabling ROS production, as well as
possessing high-affinity to metal-binding portions of proteins
which can lead to bacterial enzymes binding excess metal ions,
interfering with enzyme function (331). For example, copper has
been described to be toxic to microbes by replacing iron ions in
essential enzymes, as well as facilitating the production of
hydroxyl radicals (332).

Manganese sequestration was found to be crucial for maximal
inhibition of S. aureus growth in vitro (319). Manganese
acquisition is essential for S. aureus survival (333-335), and is
important for oxidative stress resistance due to acting as a
cofactor for superoxide dismutase enzymes (334, 336). S.
aureus with mutations in manganese transporters MntC or
MntE were unable to resist methyl viologen (which interacts
with electron donors to produce superoxide) likely due to an
inability of the superoxide dismutases to function properly in the
absence of manganese (334, 335). Similarly, mutations in
manganese transporters MntABC and MntH resulted in S.
aureus with increased sensitivity to methyl viologen, which was
reversed by manganese supplementation (337).

Iron is essential for the functioning of many vital bacterial
enzymes. However, when present in abundant quantities, iron
catalyzes the generation of hydroxyl radicals via the Fenton
reaction (204). Macrophages control iron homeostasis in part
via NO-facilitated nuclear factor erythroid 2-related factor 2
transcription factor activation which upregulates the iron
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exporter ferroportin-1 (338). Macrophages with the gene for
iNOS deleted had significantly higher concentrations of iron due
to less expression of ferroportin-1, and this iron was able to be
harnessed by intracellular Salmonella (338). S. aureus overcomes
iron restriction by production of siderophores, which are able to
competitively bind to iron to prevent sequestration by iron-
binding host molecules such as lactoferrin and transferrin. In
fact, both staphyloferrin A and staphyloferrin B have been shown
to displace iron from transferrin (339, 340). Staphylococcal iron-
regulated transporter (SirABC) is a transporter of S. aureus
staphyloferrin B, and has been found to be expressed in
response to oxidative and nitrative stress, providing protection
from oxidative killing (341). These effects underline the
importance of iron in macrophage antimicrobial defense.

Host cytokines are involved in regulating metal ion
homeostasis in phagocytes. A number of cytokines identified as
particularly important in defense against S. aureus, IL-1, IL-6, IL-
10, and TNF-a, can act to make iron less available in monocytes
and macrophages (82, 328). Unfortunately, this can have the
unintended side-effect of anemia in the host. Accumulation of
iron was correlated with reduced expression of pro-
inflammatory cytokines TNF-q, IL-12, and IFN-y, leading to
an inability to control intracellular bacteria. This effect was
reversed upon addition of an iron chelator (338). Host
expression of GM-CSF activates the sequestration of zinc,
leading to enhancement of H" channels in the phagosome
membrane, and induces NOX2 to produce ROS (342). Pro-
inflammatory cytokine IFN-y has been shown to upregulate
expression of copper transporter Ctrl. This stimulates copper
influx, which was found to be necessary for efficient bactericidal
activity (343).

Nutrients in Control of S. aureus Infection
Nutrients, such as fatty acids and amino acids, are important for
S. aureus survival. Additionally, fatty acids can also be
antimicrobial. The host environment can be unfavorable for
bacterial growth, as nutrients are restricted. Therefore, bacterial
metabolism, essential compound scavenging, and defense against
antimicrobial fatty acids is associated with S. aureus survival
during infection.

Amino acid availability is critical for S. aureus growth, in fact
many staphylococcal strains isolated from human skin are
auxotrophic for multiple amino acids (344). In bovine mastitis
infections, at least seven amino acids were required for S. aureus
growth (345). Following exposure to H,O,, S. aureus amino acid
metabolism is altered, likely with increased amino acid
consumption promoting bacterial survival (346). Also, amino
acid catabolism enables S. aureus survival within abscesses,
where glucose supply is limited (347). In macrophages, S.
aureus may induce host cell autophagy to increase metabolite
availability to support intracellular proliferation (348). S. aureus
is able to incorporate exogenous fatty acids into bacterial
membranes (349). Host low-density lipoprotein (LDL) can be
used as a fatty acid supply by S. aureus, removing the need for
bacterial synthesis of fatty acids (350). Indeed, S. aureus uses host
derived fatty acids when available, which is associated with
higher levels of staphyloxanthin; thus saving energy in fatty

acid synthesis and allowing virulence factor expression (351).
Alternatively, S. aureus may obtain nutrients from the
extracellular milieu via macrophage macropinocytosis,
inhibition of which reduced S. aureus intracellular replication
(352). Macrophage micropinocytosis occurs constitutively (353),
indicating a potential route of nutrition for intracellular
S. aureus.

In macrophages, the role of host lipids in infection with
intracellular pathogens has been comprehensively reviewed;
highlighting how fatty acids and their derivatives can have
positive and negative consequences for pathogens, and that
lipid metabolism changes with macrophage polarization (354).
Antimicrobial fatty acid production by HeLa cells is protective
against S. aureus infection (355). Leukocytes may also generate
bactericidal fatty acids against S. aureus biofilms (356). Multiple
unsaturated fatty acids are bactericidal against S. aureus,
including linolenic acid and arachidonic acid, and fatty acid
efficacy increases with greater unsaturation (357). Therefore,
poly-unsaturated fatty acids (PUFAs) have greater antibacterial
properties. Mice fed high levels of PUFAs had increased survival
and reduced bacterial burden, along with an improved
neutrophil response, following S. aureus sepsis infection (358).
PUFA bactericidal effects against S. aureus were suggested to
occur through a mechanism involving ROS (359). Arachidonic
acid is a PUFA released at the same time as the oxidative burst in
phagocytes, contributing to S. aureus killing. Arachidonic acid is
oxidized to create electrophiles which are toxic to S. aureus,
which is likely exasperated by ROS produced during the
oxidative burst (360). Fatty acid cis-6-hexadecenoic acid is
found on the skin and inhibits S. aureus survival, so, S. aureus
increases defense gene expression (361).

In response to unsaturated fatty acids, S. aureus expression of
genes involved in membrane stability and metabolism is
increased as part of the stress response, indicating that fatty
acids disrupt both bacterial lipid membranes and bacterial
metabolism (362). S. aureus can increase resistance to fatty
acids by reducing exogenous fatty acid incorporation into lipid
membranes (363). S. aureus also uses fatty acid modifying
enzyme (FAME) to inactivate fatty acids in abscesses (364).
When host fatty acids are incorporated into the membrane of
S. aureus, expression of the T7SS is increased, leading to
virulence factor export (365). Furthermore, S. aureus expresses
fatty acid resistance genes which confer resistance against
linolenic acid and arachidonic acid (366). Studies on the role
of macrophage unsaturated fatty acids and PUFAs on S. aureus
are lacking, perhaps due to focus on the major role of fatty acids
on the skin. However, further research may be beneficial due to
fatty acid presence in biofilms, as well as fatty acids being
associated with the phagocyte oxidative burst.

Macrophage Autophagy in S. aureus
Infection

Macroautophagy (autophagy) is the cellular lysosomal self-
degradation of damaged or unwanted components; however,
autophagy components can be used to target pathogens for
degradation. In recent publications, macrophage autophagy
machinery has been revealed as an important host target which
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S. aureus is able to manipulate (367, 368). Autophagy proteins
may be present at multiple stages of S. aureus infection, from
phagosomes and autophagosomes, to targeting cytosolic bacteria.
Autophagy machinery is more abundant in S. aureus infected
murine macrophages (369). S. aureus can manipulate autophagy
to promote survival and subsequent escape from within
phagocytic cells in an Agr-dependent manner, potentially
enabling persistence in sepsis infections (367). Similarly, high
expression of vancomycin resistance-associated sensor/regulator
also induces autophagy to a greater extent and is associated with
increased intracellular survival in macrophages (368). Therefore,
the extent autophagy may benefit S. aureus appears to be
dependent on the virulence of individual strains. In a murine
lung infection model, inhibiting autophagy with drug treatments
reduces bacterial burden in the lung (370), again indicating that
autophagy is beneficial for S. aureus. In agreement, in diabetic
settings associated with increased autophagy, a larger number of
autophagosomes containing S. aureus are observed, and blocking
lysosome fusion to autophagosomes promotes S. aureus survival
in macrophages (371). In bovine macrophages, S. aureus
infection increased the number of autophagosomes, leading to
increased bacterial survival, which also suggests later stages of the
autophagy pathway are blocked (372). Together these data
suggest that S. aureus resides within an autophagic vesicle
within macrophages, possibly by blocking autophagy pathway
advancement, thereby inhibiting macrophage-mediated killing.
The role of autophagy in S. aureus-infected neutrophils is less
clear, although it seems that the involvement of different
autophagic machinery involved at early and late autophagy
stages may lead to alternative bacterial outcomes (65, 373).
Autophagy also represents a potential therapeutic target in S.
aureus infection, whereby selenium may promote autophagy
within macrophages to an extent that overcomes the bacterial
block of the autophagy pathway (374). The involvement of
autophagy in macrophage-S. aureus interactions is clearly
demonstrated, but whether it directly affects infection outcome
has yet to be examined in detail and remains an interesting area
with possible therapeutic potential.

Macrophage Apoptosis-Associated Killing
Is Deficient in S. aureus Infections
Macrophage apoptosis-associated bacterial killing is important
for the clearance of a number of pathogens such as M.
tuberculosis (375) and, in particular, S. pneumoniae (376, 377).
It is suggested that macrophage phagocytic ability outpacing
bactericidal activity leads to permeabilization of the
phagolysosome, leading to cathepsin D release, which causes a
reduction in anti-apoptotic Mcl-1 expression and, eventually,
macrophage apoptosis (378). Interestingly, this mechanism is not
observed following phagocytosis of S. aureus. Indeed,
phagocytosis of S. aureus is associated with upregulation of
both B cell lymphoma 2 gene (BCL2) and Mcl-1 (175), leading
to decreased apoptosis. It has also been proposed that S. aureus
inhibition of phagolysosome acidification and maturation
circumvents apoptosis, enabling persistence in macrophages,
although the exact mechanism remains unclear (73). Since

persisting intracellular S. aureus can be found in the
cytoplasm, further studies have suggested that S. aureus
escapes the phagolysosome, which was associated with
increased antiapoptotic host cell proteins (379). This is in stark
contrast to extracellular S. aureus, which actively promotes
macrophage apoptosis by releasing o-hemolysin or Panton-
Valentine leucocidin (PVL) toxins (380-382). Detailed
discussion of S. aureus virulence factors is outside the scope of
this review (22, 24, 383, 384).

Macrophage Extracellular Traps

and S. aureus

Extracellular traps (ET) are protrusions of chromatin, histone
proteins, DNA, proteases and AMPs, that ensnare bacteria and
form an important part of the immune response to infection
(385), first described in association with neutrophils (386).
Neutrophil extracellular traps (NET) vary in their formation
(fast or slow) (387, 388) and composition (chromatin or
mitochondrial DNA) (389). Original descriptions of NETs
demonstrated formation over 3 hours by the destruction of the
nuclear membrane leading to death of the neutrophil. More
recently, certain NETs were shown to form within 60 min by
extrusion of vesicles containing chromatin in a rapid and oxidant
independent mechanism (387). Moreover, NETs can be formed
of mitochondrial DNA rather than chromatin, in a mechanism
that is independent of cell death but was associated with
increased survival of neutrophils (389). This allows the
neutrophil to continue to contribute to the host immune
response. NET formation can be induced in response to a
number of different stimuli such as LPS, IL-8, complement
factor C5a, and bacteria including S. aureus (386, 387, 389).

There is a growing body of evidence that many different
innate immune cells are capable of producing ETs to control
bacteria, including eosinophils (390), mast cells (391) and
macrophages (392). Macrophage ETs (MET) play a role in
host defense. Bovine monocyte-derived macrophages form
METs in response to Mannheimiae haemolytica and to its
leukotoxin (LKT) (392). Interestingly LKT did not induce
MET formation by bovine alveolar macrophages, suggesting
that macrophage differentiation determines the ability to
trigger MET formation. Additionally, MET formation was
demonstrated by bovine macrophages in response to
Histophilus somni (393). E. coli also induced MET formation
in RAW 264.7 macrophages, which was NADPH oxidase-
dependent (392). Similarly, METs were induced in J774 cells in
response to E. coli and Candida albicans, with authors suggesting
that the role of METs is to slow dissemination of microbes (394).
However, phagocytosis and MET formation have been observed
to coincide for control and clearance of C. albicans (395).

MET formation can be stimulated by the use of statins. The pre-
treatment of human and murine macrophages with statins is
associated with increased S. aureus killing (396). In neutrophils
the proposed mechanism for this enhanced clearance was a
significant increase in NET formation, leading to increased S.
aureus entrapment. A similar result was observed in PMA-
stimulated RAW 264.7 macrophages. Initially, NETosis was
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considered to culminate in cell death, but emerging evidence has
shown in neutrophils NET's can be independent of cell death (389).
However, the formation of METs appears to trigger a form of cell
death as the macrophage exhibits loss of membrane integrity (396,
397), and this may be associated with caspase-1 activity (398),
although data on this are sparse. This is further evidence that MET
formation may act to slow the dissemination of infection and allow
neighboring macrophages to phagocytose bacteria (394).

Pathogens have evolved mechanisms to overcome ETs. For
instance, Streptococcus pneumoniae evades NETs by producing
endonuclease EndA, which degrades the DNA in the NET (399).
Similarly, S. aureus secretes nuclease and adenosine synthase,
leading to the conversion of NET's to deoxyadenosine and in turn
triggering caspase-3-mediated cell death to cause non-
inflammatory macrophage apoptosis (400-402). This effectively
leads to the removal of phagocytic cells from the site of infection
allowing abscess formation.

Extracellular Vesicles From S. aureus

and Macrophages

Extracellular vesicles (EV) are known to be secreted by a number
of different Gram-positive bacteria, including S. aureus (403).
These bacterial EVs have been shown to contain a variety of
virulence factors and provoke significant immune responses.
Indeed, one of the first descriptions of S. aureus EV
demonstrated they could contain B-lactamases, which enabled
surrounding bacteria to withstand ampicillin (404). EVs also
trigger apoptosis. S. aureus EVs deliver virulence factors such as
o-hemolysin to macrophages, leading to NLRP3 inflammasome-
induced pyroptosis (host cell death) (405), which can be
inhibited by fosfomycin (406). In a murine model, EVs were
shown to cause atopic dermatitis-like inflammation in the skin
(407). EVs secreted by S. aureus can also cause mastitis (408).
Furthermore, it has been postulated that EV's could be a target for
vaccine development (409). The use of statins in a murine
survival model decreased macrophage responses to S. aureus
EVs, suggesting a possible novel therapeutic approach (410).

In addition to extracellular vesicles (EV) secreted by S. aureus to
subvert the host, there are numerous examples of immune cells
releasing EVs. These can vary in size and content and have been
isolated from several different cell types, including macrophages.
EVs are primarily thought to act as communicating mechanisms
allowing an orchestration of immune responses and are an
important part of the junction between the adaptive and innate
immune responses (411). Indeed, EV from macrophage infected
with M. bovis modulated T lymphocytes responses (412). When
macrophages were infected with M. tuberculosis, the content of the
EV changed to confer decreased inflammatory cytokine release and
decrease lung mycobacterial load (413). Furthermore, during
infection with hepatitis C virus, macrophages secreted EVs that
inhibited viral replication (414). AM-derived EVs are suggested to
play arole in the pathogenesis of acute lung injury by encapsulating
TNF-o. (415). The majority of studies have been termed EVs
“microvesicles” due to their size, but more recently, larger
“macrolets” containing IL-6 have been described which are
capable of engulfing and killing E. coli following macrophage

LPS stimulation (416). The full role of S. aureus-infected
macrophage EVs on host-pathogen interactions and their
interplay with the adaptive immune response merits further
studies as possible targets for therapeutic approaches.

THERAPEUTIC APPROACHES
TO S. AUREUS INFECTION

Antimicrobials
S. aureus has acquired resistance to a wide range of antibiotics,
which is an expanding problem for the treatment of human
infections. In fact, the specter of antimicrobial resistant (AMR) S.
aureus has been described as a pandemic (417), with global
incidence rising (418-421). Resistance most commonly arises
due to horizontal gene transfer from resistant bacteria, however,
mutation of the S. aureus chromosome and mobile genetic
elements may also lead to resistance (417, 422). Antibiotic
resistance is a particular threat to modern medicine, with
multiple procedures dependent on antibiotic use (6). Last
resort antibiotics used to treat MRSA are often expensive, less
efficacious, and more likely to cause severe side effects (422).
The intracellular nature of S. aureus impedes antibiotic
activity, as many antibiotics cannot access the intraphagocyte
niche (423, 424). Methods to combat this have included
development of intracellular antimicrobials (425), nanoparticles
which can distribute antimicrobials to infected macrophages
(426, 427) and active targeting of macrophages to induce
receptor-mediated endocytosis, releasing singlet oxygen to kill
intracellular S. aureus (428). Furthermore, therapeutic
nanoparticles which favored pro-inflammatory macrophage
polarization enabled clearance of S. aureus biofilms in vivo
(169). The antimicrobial protein plectasin, can kill S. aureus
inside THP-1 macrophages in vitro, or inside peritoneal
macrophages in vivo, however, plectasin is significantly more
effective against extracellular bacteria (425). A nanogel which
preferentially targets macrophages uses bacterial enzymes to
initiate release of antibiotic (vancomycin), inhibiting MRSA
growth at sites of infection in vivo (426). After treatment with
the nanogel, zebrafish embryos infected with MRSA survived to
significantly higher levels with no visible (GFP-expressing)
bacteria 9 h post-infection. Similarly, macrophages treated with
nanogel had significantly reduced CFUs recovered from S. aureus
infected RAW 264.7 macrophages (426). Also, conjugation of
penicillin G to squalene enabled antibiotic endocytosis into 774
macrophages, whereby S. aureus was significantly less able to
survive intracellularly (427).

Vaccines

Decades of work have been devoted to production of a S. aureus
vaccine, however, none has yet been approved (14, 15). A key
difficulty in producing a S. aureus vaccine is that it must provide
broad immunity, since the bacteria can cause a wide range of
infections in a variety of tissues. S. aureus was traditionally believed
to be extracellular; however, it is now recognized as a facultative
intracellular pathogen. This may partially explain the lack of an
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effective S. aureus vaccine, especially with S. aureus able to exist
within immune cells. Indeed, since S. aureus exploits macrophages
during infection, vaccine design inducing successful macrophage
defenses against S. aureus could be valuable.

Attempts have been made to produce whole cell or live/killed
vaccines against S. aureus, but these have failed to produce
effective immunity (14, 15). Vaccines have been targeted
against S. aureus polysaccharide, with initial positive results in
animal studies and partial protection in early human trials (429,
430). Other targets include surface polysaccharide poly-N-
acetylglucosamine (431, 432), surface proteins such as iron
surface determinant (Isd) A or IsdB (433, 434), clumping
factor (ClIf) A or CIfB (435-437) and fibronectin binding
protein (FnBP) (438). These vaccines led to partial immune
protection, but overall they were not successful (439). A limiting
factor may be that the proteins used are not essential
components of S. aureus (440). To combat this, research
groups have tried combining multiple antigens into a single
vaccine. Newer approaches include targeting S. aureus molecules
which stimulate varied immune responses, to mimic the different
immune responses observed with natural S. aureus infection. It is
now thought that approaches which induce Th1/Th17 responses
may be more effective, although this is thought to ideally be best
when combined with induction of opsonophagocytic antibody
generation (439, 441). Many of the aforementioned vaccine
studies investigated whether the treatment was able to induce
opsonophagocytic killing by phagocytes (432, 433, 437, 438).
However, it has also been suggested that vaccines which
neutralize S. aureus toxins, rather than aiming to induce
opsonophagocytic killing, may be more effective (15).

Differences in animal and human responses to vaccines hinders
their production. Some studies have found that, despite promising
results in animal models, human trials showed no protective
immunity (433, 439). This suggests that positive animal trials do
not correlate with positive human immune responses, which may
be in part to the differences between the human and murine/rabbit
immune system. One of the limitations of S. aureus mouse models
is that a much higher dose of the bacteria is required to initiate
infection when compared to the estimated human infective dose.
Co-injection of mice with commensal bacteria alongside a dose of
S. aureus more comparable to natural human infection led to
increased CFUs, and decreased survival of the mice (272). This
phenomenon was labeled “augmentation.” As S. aureus exists in a
polymicrobial environment, this model is likely closer to that of
natural infection. It is possible that using this augmentation model
in murine models to better represent human infection would
improve the assessment of therapeutic efficacy against S. aureus.

FUTURE PERSPECTIVES

S. aureus is a highly successful pathogen due to a wide variety of
virulence factors and immune evasion strategies (22).
Macrophages play a crucial role in the control of S. aureus
infection as macrophage depletion in mice led to increased
susceptibility to S. aureus (61, 272). However, macrophages do

not always eliminate staphylococci, which can use the
macrophages as a reservoir for persistence, causing continued
infection. Therefore, it is important to further characterize the
mechanisms used by S. aureus to overcome macrophage killing and
manipulate the host cell as these may present novel therapeutic
adjuncts preventing dissemination and persistence of infection.

It remains unclear which antimicrobial strategy above all others
is responsible for killing the majority of S. aureus. As detailed
above, macrophage killing mechanisms, including ROS, RNS,
phagosome acidification, antimicrobial enzymes and AMPs,
nutritional immunity and autophagy contribute to S. aureus
clearance and it is therefore likely through a combination of
these mechanisms. NOX2-dependent ROS is seemingly critical,
as CGD patients are particularly susceptible to S. aureus infection
(208). S. aureus appears to require exposure to an acidic
environment for intracellular survival, again suggesting NOX2-
dependent ROS rather than downstream phagosomal maturation
is most critical for bacterial killing. Further studies are required to
confirm which ROS, within the macrophage phagosome, are
necessary to overcome S. aureus infection to fully understand the
ROS killing capacity. Since NOX2-dependent ROS appears to be
vital for bacterial killing, enhancement of macrophage NOX2
activity may be useful as a therapeutic target.

In addition to further characterizing the killing mechanism, a
greater understanding of the strategies used by S. aureus to evade
the host is required to prevent dissemination of infection. To
date, much effort has gone into evaluating the role of neutrophils
in S. aureus infection, while macrophages, despite being a source
of bacterial persistence, have been far less studied. The role of
macrophages in controlling infection highlights these cells as an
important target for investigation and exploitation. Indeed,
studies targeting macrophages during S. aureus infection show
beneficial outcomes (426-428).

Finally, in light of the rising antimicrobial resistance,
determining the optimal antibiotic strategies to control S.
aureus infections, and use of novel agents or combinations to
provide synergistic activity merit further studies. The use of
immunomodulation and preventative approaches to the peri-
operative patient, if fruitful, would lead to significant decreases in
the public health burden posed by S. aureus.
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Host cell death programs are fundamental processes that shape cellular homeostasis,
embryonic development, and tissue regeneration. Death signaling and downstream host
cell responses are not only critical to guide mammalian development, they often act as
terminal responses to invading pathogens. Here, we briefly review and contrast how
invading pathogens and specifically Staphylococcus aureus manipulate apoptotic,
necroptotic, and pyroptotic cell death modes to establish infection. Rather than
invading host cells, S. aureus subverts these cells to produce diffusible molecules that
cause death of neighboring hematopoietic cells and thus shapes an immune environment
conducive to persistence. The exploitation of cell death pathways by S. aureus is yet
another virulence strategy that must be juxtaposed to mechanisms of immune evasion,
autophagy escape, and tolerance to intracellular killing, and brings us closer to the true
portrait of this pathogen for the design of effective therapeutics and intervention strategies.
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INTRODUCTION

Human innate immune defenses substantially contribute to microbial clearance during infection (1,
2). Primary defenses encompass mechanisms that include the biosynthesis of antimicrobial peptides
on the skin or mucosal surfaces, the recruitment of immune cells to infectious foci, and the
activation of the complement system and coagulation cascade (2-4). Programmed cell death
modalities represent additional key mechanisms that affect host-microbe interaction and infection
control (5). Amongst cell death programs, conventional apoptosis, regulated necrosis (necroptosis),
and pyroptosis have thoroughly been described to reveal unique signaling routes for initiation and
execution of cell death (6, 7). Signaling and ensuing death modes are governed by the nature of the
infection and the pathogenic attributes of the invading microbe. For example, apoptosis is often
activated to release intracellular pathogens from infected host cells or tissues (8). In this manner, the
host removes a preferred niche for initial replication, and simultaneously exposes the pathogen to
extracellular immune cell defenses without causing inflammation. On the contrary, necroptosis and
pyroptosis are highly inflammatory and impact immune cell trafficking as well as clinical syndromes
and host-mediated clearance of pathogenic microorganisms (5).
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Many human pathogens have evolved sophisticated strategies
to modulate or subvert host cell death programs during infection
(9). Specifically, microbes that infiltrate host cells and replicate
intracellularly suppress death signaling pathways to escape
extracellular immuno-surveillance (10, 11). In this manner,
intracellular bacterial pathogens such as Mpycobacterium
tuberculosis or Legionella pneumophila maintain their
proliferative niche to cause persistent infections (12-14). Yet,
not all pathogens block cell death modalities upon host invasion.
Some infectious agents, such as Staphylococcus aureus, induce or
exploit programmed cell death to establish infection and
disseminate in the host. S. aureus is the most frequently
encountered agent of superficial skin and soft tissue infections
and occasionally causes invasive diseases in humans. Once
disseminated through blood stream infection, S. aureus is able
to establish replication foci in almost any organ (Figure 1) (15,
16). S. aureus deploys an arsenal of virulence factors with potent
immunomodulatory or toxigenic properties that modulate
programmed cell death in professional and non-professional
phagocytes thereby affecting clinical syndromes and various
diseases in human or animal hosts (Figure 1) (17, 18). Overall,
this remarkable microbe has evolved to manipulate all known
principal mechanisms of programmed cell death, including

CNS infections

Chronic skin infections
(i.e. atopic dermatitis)

apoptosis and pro-inflammatory necroptotic or pyroptotic
cell death.

Herein, we summarize various cell death modalities and their
impact on the pathogenesis of S. aureus infections. We provide
an overview of S. aureus-derived products that promote or avert
programmed cell death signaling in host cells. Finally, we
highlight staphylococcal tactics for the manipulation of
autophagy, a cell death-associated cytoplasmic degradation
mechanism that sustains cellular homeostasis and survival.

APOPTOSIS AND APOPTOTIC SIGNALING
PATHWAYS

Apoptosis is an essential mechanism attributed to various
physiological events. Apoptosis is considered an important
component of multiple cellular processes and plays a
significant role during normal development, organ shaping,
homeostasis, and aging (19). Apoptosis is also favored by
stress, lack of nutrition, and several other pathological
conditions (19). Earlier work identified key genetic elements
and two major signaling routes that regulate apoptosis in
mammalian cells: the intrinsic (mitochondrial) and extrinsic

Brain abscesses

Abscesses and
skin infection

Osteomyelitis

FIGURE 1 | Staphylococcal diseases associated with programmed cell death. S. aureus exploits programmed cell death to cause various diseases in human and

animal hosts.
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(death receptor-mediated) pathways of apoptosis (Figure 2)
(19). The extrinsic pathway is triggered by external signals and
transmembrane death receptors (i.e., FasR or TNFR1) for
activation of the death-inducing signaling complex (DISC) and
initiator caspases-8 and -10; the intrinsic pathway is induced by
internal stimuli, subcellular stress, and the release of apoptogenic
proteins from injured mitochondria (Figure 2) (19). Microbial
infections, DNA damage, cytotoxic stimuli, and various other
pro-apoptotic signaling molecules promote permeabilization of
the mitochondrial outer membrane, in a process mainly
controlled by proteins of the Bcl-2 family (i.e., Bcl-2-associated
X protein (Bax)) (20-22). Cellular stress favors oligomerization
of Bax and Bak (Bcl-2-antagonist killer 1) and subsequent
formation of pores in mitochondrial membranes (21, 23).
Perforated mitochondria release cytochrome ¢ and other pro-
apoptotic proteins into the cytosolic space (19, 21, 24). Voltage-
dependent anion-selective channels (VDAC) may enhance the
release of mitochondrial pro-apoptotic factors by interacting
with dedicated Bcl-2 family proteins (25-27). Cytosolic
cytochrome c, together with dATP and the apoptotic protease
activating factor 1 (APAF1), trigger the formation of the ultra-
large apoptosome complex that activates the initiator caspase-9
(28, 29). Once caspase-9 (or caspases-8 or -10 in case of the
extrinsic pathway of apoptosis) is activated, effectors caspases-3,
-6, and -7 are proteolytically processed and converted to mature
proteins that degrade defined target substrates; the ultimate
result culminates with cell death exhibiting typical
morphological features of apoptosis: membrane blebbing, cell
shrinkage, DNA fragmentation, nuclear condensation, and
formation of apoptotic bodies (Figure 2) (19).

APOPTOTIC CELL DEATH IN RESPONSE
TO STAPHYLOCOCCUS AUREUS
INFECTIONS

Apoptotic cell death of hematopoietic and non-hematopoietic
cells plays a significant role during S. aureus disease
pathogenesis. During infection, S. aureus provokes apoptosis in
a broad spectrum of target cells as a means to invade tissues, and
to antagonize host immune defenses (18, 30). Depending on the
type of tissue and staphylococcal isolate, apoptosis may occur via
extrinsic-, intrinsic-, or caspase-2-mediated apoptotic signaling
(31-36). S. aureus produces a vast array of pro-apoptotic
virulence factors that predominantly encompass potent toxins
and superantigens (Table 1) (17). Genetic variability amongst S.
aureus isolates increases the repertoire of toxins and
superantigens. All of these factors are secreted into the
extracellular milieu and are endowed with membrane-
damaging or toxigenic properties that interfere with apoptotic
signaling cascades (17, 76). For example, the staphylococcal
pore-forming toxins o-toxin, leukocidin AB (LukAB), or the
Panton-Valentine-leukocidin (PVL), have been shown to prime
apoptotic cell death in professional phagocytes and other cells
(31-33, 36, 48, 49). Pore-forming toxin-mediated apoptosis
involves potassium efflux from damaged cells and caspase-2-
initiated cell death, or breakdown of the mitochondrial
membrane potential, ultimately leading to the release of
apoptogenic factors (e.g., cytochrome c¢) and activation of
intrinsic death signaling pathway (31-33, 36). Staphylococcal
superantigens (i.e., enterotoxin B) interact with T-cell receptors
via major histocompatibility complex (MHC-II) molecules to
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FIGURE 2 | Staphylococcal interference with host cell death machineries. All major cell death modes including apoptosis, pyroptosis, and necroptosis may occur in
response to extra- or intracellular staphylococci and their exoproducts (see Table 1). While apoptotic cell death is immunologically silent, pyroptosis and necroptosis
cause strong inflammatory responses due to the release of pro-inflammatory molecules from injured host cells. Characteristic features and canonical signaling
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TABLE 1 | Selected staphylococcal factors interfering with programmed cell death and autophagic signaling pathways.

Pathway Staphylococcal factor Category
Apoptosis  AdsA-derived dAdo Deoxyribonucleoside
o-toxin Pore-forming toxin
Enterotoxin A Superantigen
Enterotoxin B Superantigen
Enterotoxin H Superantigen
EsxA WXG-like protein
Leukocidin AB Pore-forming toxin
Panton-Valentine Pore-forming toxin
leukocidin
Peptidoglycan Cell wall component
Protein A Surface protein
Staphopain A Cysteine protease
Staphopain B Cysteine protease
TSST-1 Superantigen
Pyroptosis  o-toxin Pore-forming toxin
Extracellular vesicles Membrane vesicles
y-hemolysin Pore-forming toxin
Leukocidin AB Pore-forming toxin
Panton-Valentine Pore-forming toxin
leukocidin
Peptidoglycan? Cell wall component
Phenol-soluble modulins®  Cytolysin
Necroptosis  o-toxin Pore-forming toxin
FumC Fumarate hydratase
Panton-Valentine Pore-forming toxin
leukocidin
Phenol-soluble modulins  Cytolysin
Autophagy  o-toxin Pore-forming toxin
IsaB Secreted and cell-surface-associated
protein

Affected cells’ References
Macrophages (87-39)
Epithelial cells, endothelial cells, T-cells, monocytes, (31, 33, 36, 40-42)
eosinophils
T-cells (43)
Macrophages, T-cells, epithelial cells (35, 44, 45)
Epithelial cells (46)
Epithelial cells (47)
Dendritic cells (48)
Neutrophils, macrophages, keratinocytes (32, 49, 50)
Platelets (51)
Osteoblasts (52)
Epithelial cells (53)
Neutrophils, monocytes (54)
B-cells (55)
Monocytes, macrophages, keratinocytes, microglial cells (56-61)
Macrophages 62)
Microglial cells, macrophages (61, 63)
Monocytes, dendritic cells (48, 64)
Monocytes, macrophages, neutrophils (63, 65)
Macrophages (66)
Keratinocytes 67)
T-cells, macrophages (68, 69)
Keratinocytes (70)
Neutrophils (32)
Neutrophils (71)
Epithelial and epithelial-like cells (CHO), endothelial cells (72-74)
Epithelial cells, macrophages (75)

"For each individual factor and pathway listed, other target cells may exist. ?PBP2A-derived peptidoglycan; ° caspase-1-independent mechanism.

stimulate biosynthesis and release of apoptogenic factors such as
TNF-a, FasL, or IEN-y (35, 44, 55). In this fashion, S. aureus
triggers a pro-apoptotic milieu that induces extrinsic apoptosis in
adjacent host target cells. Overall, toxin-mediated activation of
apoptosis and subsequent killing of phagocytes eliminates
primary host defenses essential for pathogen clearance. Pore-
forming toxins are also thought to be key for the successful
facultative intracellular lifestyle of S. aureus in non-professional
phagocytes. Specifically, internalization of staphylococci by
epithelial cells, endothelial cells, fibroblasts, keratinocytes, or
osteoblasts can stimulate apoptotic cell death signaling (Figure
2) (40, 50, 77-82). In this manner, S. aureus not only escapes
from host immune cell responses but also promotes tissue injury,
and subsequent infiltration into deeper tissues, organs, or
circulating body fluids. Following blood stream dissemination,
S. aureus can successfully invade organ tissues to seed abscess
lesions by initiating apoptotic death of surrounding cells in a
manner independent of pore-forming toxins or superantigens
(Table 1). S. aureus abscess formation involves two secreted
enzymes, staphylococcal nuclease and adenosine synthase A
(AdsA), that together convert neutrophil extracellular traps
(NETs) into deoxadenosine (dAdo), a pro-apoptotic molecule,
which kills phagocytes (37). dAdo-intoxication of macrophages
involves uptake of dAdo by the human equilibrative nucleoside
transporter 1 (hENT1), subsequent targeting of the mammalian

purine salvage pathway, and signaling via dATP formation to
activate caspase-3-dependent apoptosis and immune cell death
(37-39). In this manner, macrophages are excluded from abscess
lesions without causing inflammation thereby promoting the
establishment of invasive disease (37, 39). More recently, Stelzner
and colleagues discovered that intracellular S. aureus elaborates
Staphopain A, a secreted cysteine protease, to trigger apoptosis in
epithelial cells after translocation to the host cell cytosol (53).
Staphopain B and the type-VII secretion system effector EsxA
may also interfere with apoptotic cell death of human cells
(Table 1) (47, 51, 52, 54). In summary, S. aureus exploits
apoptosis to incapacitate macrophages and other host cells
without provoking inflammatory responses; this facilitates
infiltration of the bacteria in tissues and the establishment of
persistent lesions filled with replicating staphylococci.

PYROPTOSIS AND THE INFLAMMASOME

Unlike apoptosis, pyroptosis denotes a highly inflammatory state
that largely depends on the activation of interleukin-1f3 (IL-1B)-
converting enzyme also known as caspase-1 (Figure 2) (6).
Caspase-1 is synthesized as an inactive zymogen in mammalian
cells and was the first cysteine-dependent aspartate-specific
protease (caspase) discovered in scientific history (83).
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Processing and subsequent proteolytic cleavage of caspase-1
occurs within the inflammasome, a supramolecular complex
that encompasses a member of NOD-like receptors (NLRs)
(Figure 2) (6, 84). NLRs contain carboxy-terminal leucine rich
repeats (LRR), a structural feature shared with Toll-like receptors
(TLRs), which evolved to sense a large set of pathogen-associated
danger signals, including bacterial or viral nucleic acids (85-88). In
addition, inflammasome-associated NLRs are endowed with a
variable N-terminal region that consists of a caspase activation
and recruitment domain (CARD), or a pyrin (PYD) subunit that
interacts with a CARD-domain containing adaptor protein (ASC)
(CARD domains facilitate binding and proteolytic cleavage of
caspase-1) (88-92). Following processing, catalytically active
caspase-1 cleaves pro-forms of IL-1B, IL-18, and IL-33 into
biologically active and secreted cytokines, ultimately leading to
strong pro-inflammatory responses that dictate the recruitment of
immune cells and pathophysiological outcome of disease (Figure
2) (6). Inflammasome activated caspase-1 also cleaves pro-
Gasdermin D, the actual executor of pyroptosis (93, 94).
Processing of Gasdermin D leads to the release of a plasma
membrane pore-forming subunit (GSDMD-N domain) that
interacts with acidic phospholipids found on the inner leaflet of
mammalian plasma membranes (Figure 2) (95, 96). Together with
distinct mechanisms such as microvesicle shedding (97),
GSDMD-N-derived plasma membrane pores facilitate the rapid
release of the aforementioned pro-inflammatory cytokines and
intracellular molecules into the extracellular milieu, and ultimately
drive swelling and osmotic lysis of host cells (Figure 2) (95, 96).
Other caspases may also trigger pyroptosis (98-100). For example,
caspases-4, -5, -11, as well as apoptosis executor caspase-3, can
process pro-Gasdermins directly upon stimulation, thus impacting
pyroptotic cell death and its characteristic morphological features
(94, 98-100).

S. aureus-Mediated Activation of Distinct
Host Inflammasomes

S. aureus pathogenesis involves activation of distinct
inflammasomes, a process that primarily depends on the
infection site and staphylococcal stimulus involved. Pioneering
work by Mariathasan et al. uncovered that exposure of NLRP3-
deficient bone marrow-derived macrophages to replicating S.
aureus drastically reduced the detectable amount of mature
caspase-1, and secreted cytokines IL-1B and IL-18 (86).
Subsequently, multiple other studies revealed that S. aureus
pore-forming toxins contribute to this phenomenon, and
trigger the formation of the NLRP3 inflammasome, cytokine
release, pyroptosis, or pyroptotic-like cell death (Table 1).
Purified o-toxin or o-toxin-containing S. aureus culture
supernatants rapidly activate caspase-1 and NLRP3-dependent
signaling in THP-1 cells or mouse macrophages (56, 57).
Similarly, staphylococcal bi-component toxins LukAB or PVL
induce processing of caspase-1 and release of pro-inflammatory
cytokines by human phagocytes (64, 65). However, attempts to
block the cognate host proteins with small molecule inhibitors
only marginally suppresses 0i-toxin-, PVL-, or LukAB-mediated
cell death (56, 64, 65). Even the genetic ablation of CASPI cannot

prevent bacterial pore-forming toxin-dependent killing of host
cells, demonstrating that distinct mechanisms or cross talk
between different cell death modalities may contribute to
toxin-induced cell death (56, 64). In agreement with this
notion, a drop in intracellular potassium as a result of K" efflux
caused by pore-forming toxins or activation of the lysosomal
cysteine protease cathepsin B provoke assembly of the NLRP3
machinery and cytokine release (64, 65, 101, 102). More recent
work revealed that pyroptotic cell death is also driven by S. aureus-
derived membrane vesicles (MVs) (Table 1) (62). MVs deliver
lipoproteins and pore-forming toxins along with other pro-
pyroptotic effector molecules to host cells thereby stimulating
TLR2-mediated priming of the NLRP3 inflammasome,
ultimately leading to gasdermin D-dependent release of pro-
inflammatory cytokines and pyroptotic cell death (62).
Combined with the canonical secretory pathway, this dual
strategy of toxin-mediated destruction of innate immune cells
secures S. aureus survival in hosts and establishment of
invasive disease.

S. aureus can also target the NLRP3 inflammasome and
pyroptotic signaling in a subset of non-immune host cells.
Keratinocytes, when exposed to live S. aureus, culture
supernatants, or staphylococcal toxins, produce elevated levels of
IL-1p and IL-18, and exhibit pyroptotic characteristics (58, 67). S.
aureus-induced skin inflammation and severity of dermal disease
has been correlated with stimulation of the inflammasome and
cytokine signaling (57, 58, 67, 103). Neither wild-type mice
infected subcutaneously with a panel of toxin-deficient S. aureus
mutants, nor NLRP3-, ASC-, or CASPI-deficient animals infected
with wild-type S. aureus elicit NLPR3-dependent inflammatory
responses and cytokine signaling (57). As a result, ASC”" or IL-
1B mice fail to recruit neutrophils and other phagocytes to
infectious foci, and develop significantly enlarged lesions in an
experimental model of S. aureus skin infection (Table 2) (103). In
line with these observations, impaired expression of NLRP3, ASC,
and CASPI dampens neutrophil attraction in atopic dermatitis
patients thereby increasing the risk of pathogen colonization and
chronic skin inflammation (117). Yet, pyroptosis may also
correlate with enhanced staphylococcal diseases, including
traumatic osteomyelitis, central nervous system infections, and
acute pneumonia (Figure 1) (59, 106, 118). As with skin
infections, staphylococcal pulmonary disease and superinfections
of lungs are associated with altered activity of the NLRP3
inflammasome (60, 107, 110). S. aureus-driven pneumonia
induces additional inflammasome machineries such as NLRP6
(59). Of note, activation of the NLRP6 inflammasome during
acute pneumonia negatively regulates pulmonary defenses, as
NLRP6"" mice accelerate neutrophil recruitment and display
increased resistance to staphylococcal lung infection (Table 2)
(59). Lastly, the NLRP7 inflammasome senses intracellular
staphylococci and acetylated lipoproteins, restricting bacterial
replication and dissemination of disease (119). However, the
exact role of NLRP7 for S. aureus pathophysiology remains
enigmatic. Collectively, S. aureus hijacks distinct inflammasomes
and pyroptotic cell death modalities during infection, presumably
to promote host invasion and immune evasion. Since S. aureus-
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TABLE 2 | Selected cell death- and autophagy-associated host genetic determinants affecting S. aureus pathogenesis in vivo.

Pathway Host factor’ Role during staphylococcal disease? References
Apoptosis  Bcl-2 affects apoptosis in intestinal epithelial cells following pneumonia (104)
Bid affects apoptosis in intestinal epithelial cells following pneumonia (104)
CASP3 suppresses macrophage infiltration into renal abscesses; affects staphylococcal clearance (39)
CASP3/9 promotes staphylococcal endophthalmitis (105)
Fas-L impacts T-cell apoptosis in response to staphylococcal superantigens (44)
PARP-1 provokes staphylococcal endophthalmitis (105)
Pyroptosis  AIM2 affects bacterial clearance in lungs of superinfected animals; protective role during CNS infection (106, 107)
ASC protective role during CNS and skin infection; mediates increased mortality during influenza and bacterial superinfection; (57, 59, 103,
exacerbates outcome of pneumonia; controls of IL-1f and IL-18 production during skin infection 106, 107)
CASP1 controls of IL-1B and IL-18 production during skin infection (57)
CASP1/4 promotes clearance of S. aureus from infected skin; enhances survival during sepsis (108)
CASP1/11 protective role during CNS infection (106)
CASP11 exacerbates lung infection (109)
IL-1B protective function during skin infection (103)
NLRP3 controls of IL-1B and IL-18 production during skin infection; impairs lung infection; regulates bacterial burden during (57, 60, 107,
surgical wound infection 110, 111)
NLRP6 exacerbates outcome of pneumonia (59)
Necroptosis  JNK detrimental effect during lung infection (112)
MLKL protective role during dermal infection; enhances survival during sepsis; promotes chronic infections of the skin (70, 108)
PPARa detrimental effect during superinfection (113)
RIPK1 protective function during dermal infection (70, 108)
promotes chronic infections of the skin
RIPK3 provokes skin infection; promotes superinfection (108, 113)
Autophagy ATG16L1 enhances survival during bloodstream infection; protective role during lung infection; contributes to biogenesis of a-toxin- (73, 114)
neutralizing exosomes
LC3 protective role during bloodstream infection and pneumonia (73)
SQSTM1 protective function during S. aureus infection (zebrafish larvae) (115, 116)

"Gene names are indicated. *Analyzed by using (condittional) knock-out or inhibitor-treated mice in comparison to wild type or control animals.

induced activation of pyroptotic cell death elicits robust
inflammatory and immune responses, pyroptosis may also
contribute to host-mediated clearance of staphylococci.

NECROPTOTIC CELL DEATH AND ITS
PATHOLOGICAL FEATURES

Necrosis stems from the Greek word “nekros” (dead body) and
represents a passive and uncontrolled form of cell death. While
initially considered to represent an accidental form of cell death
that lacks a defined signaling network, recent work uncovered
the existence of multiple pathways contributing to the control of
necrosis (120). The prototypical form of regulated necrosis,
necroptosis, requires several kinases, including the mixed
lineage kinase domain-like protein (MLKL) and receptor-
interacting protein kinases 1 and 3 (RIPK1, RIPK3); regulated
necrosis also requires dedicated plasma membrane receptors and
their ligands (Figure 2) (121-124). More precisely, necroptotic
signaling largely depends on death receptor mediated signaling
molecules (i.e., Fas or TNF) that interfere with their cognate
plasma membrane receptors, leading to the formation of a stable,
but short-lived RIPK1- and TRADD (TNFR1-associated death
domain)-dependent receptor-bound complex I (122, 125-127).
In addition to RIPKI1 and TRADD, this multimeric complex
encompasses cellular inhibitor of apoptosis proteins 1 and 2
(cIAP1/cIAP2), TNF receptor-associated factor 2 (TRAF2) and
TRAF5. Together, TRAF2 and TRAF5 mediate polyubiquitination
of RIPK1 (126, 128-130). Ubiquitination of RIPK1 features the

assembly of the inhibitor of nuclear factor-kB (NF-kB) kinase
(IKK) complex, which promotes the upregulation of NF-kB
pathway and several anti-apoptotic genes, including the FLICE-
like inhibitory protein (FLIP) (120). However, deubiquitination of
RIPK1 via cylindromatosis (CYLD) and other deubiquitinases
destabilizes complex I, a crucial step that promotes interaction of
RIPK1 with FADD (FAS-associated death domain), TRADD,
RIPK3, pro-caspase-8, and the long isoform of FLIP (FLIPy) to
form the TRADD-dependent complex II (126, 131-134).
Subsequently, pro-caspase-8 and FLIP; form a heterodimer
complex that cleaves and inactivates RIPK1, RIPK3, and CYLD to
prevent necroptosis (135-139). Pro-caspase-8 homodimerization
induces auto-proteolysis and formation of active caspase-8 that
processes the apoptosis-executing caspases 3 and 7, ultimately
promoting apoptotic cell death (120). Nevertheless, chemical or
pathogen-induced blockade of caspase-8 provokes the
complexation and autophosphorylation of RIPK1 and RIPK3 that
leads to the assembly of an intracellular machinery designated
necrosome (Figure 2) (140). Upon necrosome formation,
downstream signaling leads to the recruitment of MLKL, a
pseudokinase that interacts with the inner leaflet of plasma
membranes in its phosphorylated state (123, 141-143). In this
manner, MLKL disrupts the integrity of the cell thereby
promoting necroptosis (Figure 2). Apart from death-receptor-
mediated necroptosis, regulated necrosis can further be triggered
by TLR-mediated signaling or certain intracellular stimuli that lead
to the formation of non-classical necrosomes (144, 145). Moreover,
DNA damage can activate RIPK3 and biogenesis of another
necroptosis-executing multiprotein complex termed ripoptosome
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(146). Overall, necroptosis constitutes a caspase-independent form
of programmed cell death that is morphologically characterized by
massive organelle and cellular swelling, and rupture of plasma
membranes (Figure 2). Hence, regulated necrosis causes robust
inflammatory responses and severe tissue injury, thus affecting the
pathophysiology of many infectious and non-infectious diseases.

EXPLOITATION OF NECROPTOTIC
SIGNALING BY STAPHYLOCOCCUS
AUREUS

The discovery of necroptotic signaling cascades enabled the
staphylococcal research community to uncover the significance of
necroptosis-dependent cell death in the pathophysiology of S.
aureus diseases. Initial work aimed to identify microbial and host
determinants that modulate necroptotic cell death during acute and
persistent infections, specifically in the context of staphylococcal
pulmonary disease (Tables 1 and 2). As expected, staphylococcal
pore-forming toxins including o-toxin promote tissue damage and
necroptotic cell death in immune and epithelial cells during lung
infection (68, 147). Moreover, S. aureus phenol-soluble modulins
(PSM peptides) constitute potent catalysts of necroptosis as these
cytolytic peptides activate necroptotic death of host phagocytes via
induction of MLKL phosphorylation, ultimately leading to
exacerbated outcomes of staphylococcal pulmonary infections
(71). Although most of these toxins have distinct receptors, all
variants exhibit potent immunomodulatory properties that together
trigger assembly of the necrosome, and subsequent necroptotic cell
death (68, 148, 149). However, some of these studies revealed that S.
aureus toxin-mediated necroptosis may directly interfere with
pyroptotic signaling pathways. For example, it was found that the
pharmacological inhibition of MLKL dampens caspase-1 activation
and pyroptotic signaling in host cells upon staphylococcal
stimulation (68, 150). Thus, it is not surprising that mice lacking
the NLRP6 inflammasome exhibit both, reduced pyroptotic and
necroptotic signaling following pathogen challenge (59).
Nevertheless, pharmacological and genetic perturbation of key
modulators of necroptosis such as MLKL, RIPK1, or RIPK3 can
clearly protect human and murine macrophages as well as
neutrophils from CA-MRSA strain USA300 and its secreted
toxins (68, 148-151). In line with these findings, RIPK3 knock-
out mice display increased resistance during experimental S.
aureus lung infection, an effect attributed to anti-inflammatory
CD206" and CD200R" alveolar macrophages that accumulate in
lungs and may accelerate the clearance of staphylococci (Table 2)
(68). Also, in vivo blockade of c-Jun N-terminal kinases (JNK1 and
JNK2), both of which are known to trigger TNF- and TLR-
induced necroptotic cell death, or genetic ablation of the
peroxisome proliferator-activated receptor oo (PPAR), a ligand-
activated transcription factor and suppressor of NF-xB activation,
rescued mice from fatal staphylococcal lung disease, even under
conditions that mimic bacterial superinfections (Table 2) (112,
113). Zhou et al. exploited RNAIII-inhibiting peptide as an anti-
virulence therapeutic approach to prevent PSM- and necroptosis-
dependent lung injury in mice nasally infected with CA-MRSA

strain USA300 (71). RNAIII is the effector of accessory gene
regulator (Agr) and RNA-III inhibiting peptide blocks S. aureus
quorum sensing and biogenesis of PSMs toxins during acute lung
infection (71). Together, this compelling work underscores the
importance and clinical relevance of necroptosis during S. aureus
pulmonary disease, and suggests that staphylococcal exoproducts
may simultaneously trigger distinct and genetically conserved cell
death programs in mammalian cells to establish infection
(Figure 2).

S. aureus can also trigger necroptosis in the absence of pore-
forming toxins (Table 1). Wild-type S. aureus or its hemB variant
stimulate host cell glycolytic activity and formation of
mitochondrial reactive oxygen species in skin cells in a manner
that promotes necroptotic cell death without the contribution of
bacterial toxigenic molecules (70). Mutations in the hemB gene
and other metabolic genes arise spontaneously during infection
and are identified on laboratory medium as small colony
variants (SCVs). SCVs represent auxotrophic subpopulations,
which while less virulent, are able to persist within host cells and
are associated with chronic infection (152). Intracellular hemB
variants induce the biogenesis of bacterial fumarate hydratase
that degrades cellular fumarate, a known inhibitor of the
glycolytic pathway of mammalian cells (70). In this manner,
SCVs activate necroptosis to promote persistence in skin cells
(70). Induction of necroptosis may also represent a selective
response of host keratinocytes to eradicate the invading
pathogen as mice lacking key elements of the necroptotic
signaling pathway such as MLKL exhibit significantly enlarged
wounds and higher bacterial loads during S. aureus experimental
skin infection (Table 2) (108). Although these animals recruited
more immune cells to the primary skin lesion and produced
elevated levels of pro-inflammatory cytokines due to excessive
activation of caspase-1, they failed to clear replicating
staphylococci (108). Consistent with these findings, MLKL-
proficient animals display enhanced survival rates over time in
a S. aureus murine bacteremia model, further suggesting that
induction of necroptosis may be beneficial for the host (108).
Collectively, these observations suggest that necroptosis may
restrict hyper-inflammatory immune responses during skin or
blood stream infections thereby serving as a protective
mechanism that promotes bacterial eradication from infected
hosts (108). However, S. aureus may also exploit the necroptotic
signaling pathway to combat resident and recruited innate
immune cells during acute or chronic infections.

AUTOPHAGY AND AUTOPHAGIC CELL
DEATH

Autophagy (from Greek, “self-eating”) constitutes a highly
conserved process that controls cellular development,
homeostasis and survival (153). This housekeeping mechanism
represents a protective platform and cellular recycling system
that overcomes several pathological states or harmful conditions
(153, 154). Comprehensive work uncovered mechanistic details
and the existence of at least three forms of autophagy (micro- or
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macroautophagy, and chaperon-mediated autophagy), all of
which rely on lysosome-based degradation of unnecessary or
detrimental molecules (154-156). Herein, we focus on
macroautophagy, which resembles the canonical form of
autophagy and main mechanism known to interfere with
staphylococcal infections (Figure 3).

Macroautophagy (referred to as autophagy) requires a cellular
trigger (i.e., starvation or oxidative stress) that abrogates mTOR-
mediated suppression of autophagic signaling, thus leading to the
assembly of the autophagy initiator complex (Unc-51-like kinase
1 [ULK1] complex) (153, 157) (Figure 3). This multimeric
protein complex consists of ULK1, autophagy-related proteins
(ATG)-13 and ATGI101, and FIP200, a focal adhesion kinase
family-interacting protein (153, 158). Following priming, the
ULK1 complex phosphorylates AMBRA (activating molecule in
Beclin-1-regulated autophagy protein 1) as part of the ATG14-,
VPS15-, VPS34-, Beclin-1-, and pll15-consisting PI3KC3
complex I (153, 159). Together with the ULK1 complex, this
autophagy-modulating element initiates the biogenesis of
phagophores, and subsequently promotes the generation of
phosphatidylinositol-3-phosphate (PI3P), which serves as a
docking scaffold for WD repeat domain phosphoinositide-
interacting proteins (WIPIs) and other effector molecules (153,

154). Phagophore-associated WIPIs in turn recruit an array of
ATG proteins (that is ATG16L1 and the ATG5-ATG12-ATG3
conjugate), which facilitate the ATG3-driven conjugation of
ATG class 8 proteins such as LC3 (microtubule-associated
protein light chain 3) to phosphatidylethanolamine (PE) (153,
160). In this manner, conjugated LC3 is lipidated and readily
incorporated into autophagic membranes (153, 154). Membrane-
associated LC3/ATG8 conjugates capture and recruit labeled
(unwanted) molecules via selective autophagy receptors such as
sequestosome 1 (SQSTM1/p62) (153, 154). Together with ATG9-
positive vesicles and cellular membrane material, ATG8s further
promote phagophore expansion and sealing around selected
cargo, ultimately leading to the formation of the autophagosome
(153, 154) (Figure 3). Once autophagosomes are fully assembled,
ATG family proteins disassociate to enable maturation and fusion
of the autophagosome with acidic hydrolases-containing
lysosomes (153, 154) (Figure 3). In this manner, autolysosomes
recycle cellular trash, intracellular pathogens, or damaged
organelles into elementary building blocks required for
macromolecule biosynthesis or energy supply (154). Thus,
autophagy represents a major cytoprotective mechanism that
sequesters cytoplasmic material in double-membraned vesicles
for subsequent detoxification and degradation. Excessive
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FIGURE 3 | Cellular and molecular features of autophagy. Autophagy can be triggered by various stimuli, including starvation, oxidative stress, pathogens, or
pathogen-derived products. The autophagic signaling process can also be initiated in response to intracellular staphylococci and their secreted toxins. Release of
toxins and other virulence determinants presumably prevents maturation of autophagosomes thereby boosting staphylococcal escape from these structures. Key
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induction of autophagy can also trigger autophagic cell death
(ACD), as autophagy and other cell death signaling pathways are
interconnected and together influence the fate of dying cells (161).

STAPHYLOCOCCAL INTERFERENCE
WITH AUTOPHAGIC SIGNALING

Many intracellular pathogens such as Mycobacterium tuberculosis
have developed refined strategies to antagonize autophagic
signaling pathways during infection (162, 163). Owing to its
ability to replicate in professional- and non-professional
phagocytes, S. aureus is considered to be a facultative intracellular
pathogen. This raises the possibility that S. aureus may suppress
autophagy to cause persistent infection and chronic disease.
Accumulating evidence suggests that S. aureus is indeed able to
subvert autophagic responses (72, 164). Initial studies by Schnaith
et al. demonstrated that S. aureus rapidly transits from
endosophagosomes to LC3-positive autophagosomes upon
invasion of HeLa cells (164). More recent work revealed that
recruitment of S. aureus to phagophores requires SQSTM1/p62
and other autophagy receptor proteins that enable efficient tagging
of staphylococci by neutrophils, fibroblasts, or keratinocytes (115,
116, 165). Although these investigations suggest that host cells may
use autophagosomes to encircle intracellular staphylococci, S.
aureus-containing autophagosomes cannot fuse with lysosomes
and thereby fail to clear intracellular staphylococci (164).
Autophagic vesicles and non-acidified phagosomes rather
constitute a survival containment for host cell-engulfed
staphylococci; S. aureus is able to exit these vesicles by secreting
autophagosome-damaging toxins and other virulence
determinants (116, 165, 166) (Figure 3). Indeed, o-toxin-
proficient S. aureus or purified o-Hemolysin promote the
initiation of an autophagic response but prevent maturation of
autophagosomes (Table 1) (72). Concomitantly, autophagosome-
associated staphylococci block autophagosome maturation by
initiating the phosphorylation of the mitogen-activated protein
kinase MAPK14 (p38c) (MAPK14/p38a) (165). Upon
phosphorylation, activated MAPK14 traffics to autophagosomes
where it inhibits autophagosome maturation and fusion with
acidified lysosomes (167). S. aureus also deploys the immuno-
dominant surface antigen B (IsaB), a secreted and cell surface-
associated protein, to limit the autophagic flux in host cells thereby
enhancing intra-host cell survival (Table 1) (75). Since isaB
expression levels correlate with improved host colonization, IsaB-
mediated subversion of autophagy may also promote host-to-host
transmission of highly transmissible MRSA isolates (75).
Exploitation of autophagic responses has further been observed in
dendritic cells, where staphylococci accumulate in autophagosomes
in an Agr-dependent manner as well as in keratinocytes or bovine
mammary epithelial cells (168-170). S. aureus-mediated
manipulation of the central carbon metabolism of host cells, as
recently described for HeLa cells exposed to CA-MRSA strain
USA300, promotes autophagic signaling and intracellular
proliferation of bacteria (171). Specifically, NMR- and MS-based
profiling of MRSA-infected cells revealed the conspicuous

metabolic starvation of infected host cells, a typical trigger of
autophagy sensed by the autophagy master regulator mTOR
(171). Autophagy also contributes to innate immune cell defenses
during staphylococcal disease pathogenesis, particularly in the
context of infection control and tolerance to bacterial toxins
(Table 2). Recent work by Gibson and colleagues suggested that
autophagy governs cytosolic surveillance of replicating
staphylococci in neutrophils (115). Using a zebra fish infection
model, the investigators demonstrated that SQSTM1/p62 along
with LC3 targets neutrophil-engulfed staphylococci for subsequent
degradation in vivo, thus illustrating the protective potential of
autophagy during staphylococcal infections (115). In agreement
with this study, Maurer et al. discovered that autophagy diminishes
host susceptibility to acute S. aureus infections, as autophagy-
deficient mice (here: ATGI6LI-hypomorph [ATGI6LI™] or
LC3"" mice) display hypersensitivity towards S. aureus (73).
Remarkably, increased mortality of ATGI6LI™ mice during
both, sepsis or acute pneumonia, correlated with the biogenesis of
staphylococcal o-toxin and its endothelial-damaging properties,
and with elevated protein levels of ADAM10, the ¢i-toxin receptor
(73). Subsequent work by the same group uncovered that TLR9-
sensed bacterial and CpG DNA along with ATGI16L1 and other
ATG proteins promote the release of ADAMI10-containing
exosomes during infection (114). These secreted exosomes
capture and neutralize a-toxin and other bacterial toxins, a
striking feature that protects the host from toxinosis and severe
clinical syndromes (114). Together, these studies uncovered a
crucial role of autophagy during staphylococcal infections. While
S. aureus is able to hijack autophagosomes to elude from phagocytic
killing and innate immune cell defenses, autophagy contributes an
important host defense mechanism for the elimination of MRSA
and other bacterial pathogens.

CONCLUDING REMARKS

S. aureus provokes strong host responses during infection but
circumvents the host’s immune system by secreting an
extraordinary repertoire of virulence factors. Together these
factors help subvert the complement system, the activity of
immune cells (phagocytosis, chemotaxis, NETs formation) or
promote their killing (76, 172, 173). The selective exploitation of
host cell death machineries constitutes an additional strategy that
secures invasion, spread, and intra-host survival of this bacterium. S.
aureus-mediated demolition of host tissues and immune cells
involves all key mechanisms by which programmed host cell
death can occur, including immunologically silent apoptosis and
highly inflammatory signaling pathways such as pyroptosis. Several
outstanding questions remain to be examined. Does S. aureus gain
any advantage by provoking both non- and pro-inflammatory cell
death programs? This answer may depend on the environment
where the pathogen proliferates as distinct host defense arsenals
may be triggered in different organ tissues. For example, deep-seated
abscess formation is accompanied by the biosynthesis of
apoptogenic dAdo from NETs, allowing S. aureus to selectively
kill macrophages through apoptosis (37, 39). In this environment,
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S. aureus converts host molecules to both toxigenic and immuno-
suppressive products and the infected organ fails to alert the
immune system of the presence of bacteria (37, 39). On the
contrary, abscess lesions in the skin elicit necroptosis, toxin-
mediated activation of the NLRP3 inflammasome, and a massive
recruitment of neutrophils that release pro-inflammatory cytokines
such as IL-1PB (103, 108, 174). Since genetically modified mice with
lesions in the pyroptotic or necroptotic signaling pathway develop
larger skin lesions and exhibit impaired disease outcome during
bacteremia models, it appears reasonable to assume that certain cell
death modes may selectively be activated by the host to limit the
severity of staphylococcal infections (103, 108). In line with this
model, the cell death-driven magnitude of inflammation determines
the outcome of S. aureus disease and local pathology, further
demonstrating that pro-inflammatory death cascades may be in
favor of the mammalian host (108). If so, one wonders why S.
aureus is unable to subvert pro-inflammatory host cell death modes
through anti-pyroptosis or anti-necroptosis mechanisms.
Presumably, the extraordinary life cycle of S. aureus requires a
delicate balance between immunologically silent and inflammatory
death signaling pathways in order to develop disease. Alternatively,
inflammatory death signaling cascades may promote dissemination
during infection or transmission to other hosts. Indeed, excessive
inflammation during skin and systemic diseases is generally believed
to correlate with exacerbated disease outcomes and increased
mortality rates, and may therefore represent a selective infection
strategy by S. aureus to establish infection (66, 108). Concomitantly,
coordinated and precise perturbation of different cell death
programs and cytoprotective autophagic signaling routes may
help the pathogen shift from an invasive to a persistent lifestyle,
thereby contributing to its global success in both healthcare facilities
and the community.
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Staphylococcus aureus is a leading cause of bacterial infections globally in both
healthcare and community settings. The success of this bacterium is the product of an
expansive repertoire of virulence factors in combination with acquired antibiotic
resistance and propensity for biofilm formation. S. aureus leverages these factors to
adapt to and subvert the host immune response. With the burgeoning field of
immunometabolism, it has become clear that the metabolic program of leukocytes
dictates their inflammatory status and overall effectiveness in clearing an infection. The
metabolic flexibility of S. aureus offers an inherent means by which the pathogen could
manipulate the infection milieu to promote its survival. The exact metabolic pathways that
S. aureus influences in leukocytes are not entirely understood, and more work is needed
to understand how S. aureus co-opts leukocyte metabolism to gain an advantage. In this
review, we discuss the current knowledge concerning how metabolic biases dictate the
pro- vs. anti-inflammatory attributes of various innate immune populations, how S.
aureus metabolism influences leukocyte activation, and compare this with other
bacterial pathogens. A better understanding of the metabolic crosstalk between S.
aureus and leukocytes may unveil novel therapeutic strategies to combat these
devastating infections.

Keywords: Staphylococcus aureus, biofilm, immunometabolism, macrophage, myeloid-derived suppressor
cell, lactate

INTRODUCTION

Staphylococcus aureus (S. aureus) is an opportunistic pathogen that colonizes approximately one-
third of the human population and can cause invasive disease at an array of different sites
throughout the body, including endocarditis, skin and soft tissue infection, bacteremia,
pneumonia, osteomyelitis, and medical implant-associated infection (1, 2). The ability to
successfully infect and persist in such a wide range of tissue niches is due to a number of
characteristics that allow the bacterium to evade immune-mediated clearance. Such attributes
include the production of various toxins, the acquisition of antibiotic resistance or tolerance, and the
ability to form biofilm (3-6). Each of these factors, often in combination with one another,
contribute to the ability of S. aureus to counteract immune effector mechanisms.
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Throughout the course of an infection, both host and
pathogen undergo substantial changes in their metabolic
programs to facilitate the production of different effector
molecules that aid in their respective goals (7, 8). In the case of
leukocytes, this takes the form of regulating the production of
cytokines, such as IL-1B. For S. aureus, metabolic
reprogramming allows for the production of various
leukocidins and lactate, among other virulence factors, that
combat the immune system (9). As an infection progresses,
nutrient concentrations within the tissue milieu can rapidly
fluctuate as host and pathogen compete for the same
extracellular energy sources (10, 11). The intrinsic metabolic
flexibility of S. aureus allows it to quickly adapt to these evolving
conditions to promote its survival (12, 13). While S. aureus may
be able to overcome the depletion of specific nutrient sources, the
leukocyte population may not be as flexible. As metabolism is
inextricably linked to immune cell function, the intentional
depletion and/or release of specific metabolites that can impair
leukocyte microbicidal activity could represent a system by
which the bacteria influences host cell metabolism to its
benefit. Here we provide an overview of how S. aureus
interacts with leukocytes at the metabolic level. We will focus
on immunomodulatory metabolites and how they contribute to
the crosstalk between host and pathogen during an infection,
with a particular emphasis on S. aureus biofilm formation. We
also provide examples of metabolic crosstalk between leukocytes
and other bacterial species as further mechanisms to consider in
the context of S. aureus infection.

IMMUNOMETABOLISM

The study of immunometabolism is focused on linking changes
in metabolic programs to effector functions. Over the years, it has
become apparent that activated leukocytes experience a shift in
metabolism that regulates inflammatory mediator production
(14-16). Activation usually coincides with a metabolic shift from
the energy (ATP)-rich resting state to an increase in the
production of effector metabolites necessary for biosynthetic
processes for inflammatory effector function, such as fatty acid
biosynthesis for prostaglandin production (Figure 1) (17-20).
Since this observation was made, there has been considerable
interest in defining metabolic programs that are characteristic of
either the pro- or anti-inflammatory status of various leukocyte
populations. Much of this fervor originated from the idea that
immune cell function could potentially be orchestrated via the
manipulation of the nutrient milieu or by therapeutically
targeting specific metabolic pathways.

In the context of an infection, immunometabolism is only half
of the story, since pathogens must also acquire essential nutrient
sources for their survival (21). This leads to direct competition
between the host and pathogen on a metabolic scale. Much like
responding leukocytes, S. aureus must also undergo some degree
of metabolic adaptation to counteract the effects of the immune
response. Switching between alternative forms of metabolism is
common in S. aureus due to its significant degree of metabolic
plasticity (22-24). This flexibility greatly increases the chances
that the bacteria will win the battle of attrition between host and
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intermediates (Effector Metabolites) that are used to generate inflammatory mediators (i.e. cytokines, inflammatory lipids, etc.) to promote leukocyte effector functions
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pathogen for specific nutrient sources. If this ability to shift
between different metabolic modes is compromised, it could
drastically alter the landscape of an infection. For instance, work
from our laboratory has established that S. aureus biofilm skews
leukocytes towards an anti-inflammatory phenotype in a murine
model of prosthetic joint infection (PJI) that is mediated, in part,
by IL-10 production (25-28). Recent work demonstrated that the
loss of an essential metabolic process in S. aureus, such as ATP
synthesis (AatpA), significantly decreased the chronicity of
biofilm infection by eliciting a heightened pro-inflammatory
response (29). This is likely attributable to the respiratory
defect in S. aureus AatpA that limits the energy required for
virulence factor production (30), which subsequently led to
increased leukocyte viability and pro-inflammatory activity
(29). Another group has shown that metabolic adaptation of
Pseudomonas aeruginosa is essential for establishing chronic
biofilm infection in patients with debilitating diseases such as
cystic fibrosis (CF). Host-adapted P. aeruginosa strains
preferentially utilized the tricarboxylic acid (TCA) cycle to
limit stress from reactive oxygen species (ROS) produced by
leukocytes in the airway. This TCA metabolic bias in P.
aeruginosa enhanced biofilm formation, which served to
increase the chronicity of infection (31). How metabolic
changes can influence the function of various leukocyte
populations and an overview of critical S. aureus metabolic
pathways in the host will be discussed in the following sections.

MACROPHAGE METABOLISM

The macrophage is currently the prototypical cell studied in the
immunometabolism field. Much progress has been made in
characterizing how macrophages shift their metabolism after
exposure to various stimuli in vitro and how this influences
their effector functions. These experiments led to the discovery
that pro- and anti-inflammatory polarized macrophages have
distinct metabolic programs (32-34). For example, exposure to
Toll-like receptor (TLR) agonists such as bacterial lipoproteins,
peptidoglycan, DNA, or lipopolysaccharide (LPS) biases
macrophages towards glycolysis. In contrast, anti-inflammatory
cytokines (i.e. IL-4 or IL-10) or growth factors promote oxidative
phosphorylation (35, 36). In pro-inflammatory macrophages, the
increase in glycolytic metabolism following TLR activation is due,
in part, to two TCA cycle blocks (Figure 2) (15, 35). These break
points create an anaplerotic cycle that leads to the progressive
accumulation of metabolites such as succinate and aconitate,
which are immunomodulatory in nature. Initial experiments
showed that the intracellular concentration of succinate
dramatically increases following TLR stimulation (37-39). Early
work into understanding metabolic reprogramming found that
this succinate pool was diverted from normal TCA cycle
metabolism and oxidized by succinate dehydrogenase (SDH) to
produce high amounts of ROS, which stabilized the transcription
factor hypoxia-inducible factor-lo. (HIF-1o) by preventing its
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FIGURE 2 | Macrophage metabolic remodeling during an immune response. Following Toll-like receptor (TLR) activation, macrophages undergo metabolic rewiring
to promote inflammatory mediator production. The TCA cycle breaks at two points, isocitrate dehydrogenase (IDH) that causes the accumulation of aconitate, which
is converted by immune responsive gene 1 (IRG1) to form itaconate, and succinate dehydrogenase (SDH) that leads to succinate accumulation. While this process
normally augments proinflammatory activity, excess itaconate production eventually causes a shift to promote the expression of anti-inflammatory genes. Figure
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ubiquitination and degradation (40-44). HIF-1ou stabilization
leads to the production of pro-IL-1f, which is cleaved into its
mature form by the NOD-like receptor pyrin domain containing 3
(NLRP3) inflammasome (45-47). A secondary effect of this
process is the HIF-lo-dependent induction of glycolytic
enzymes by that feed back to promote biosynthetic pathways to
augment pro-inflammatory activity (40, 48, 49). Increased
glycolysis serves to produce ATP and sustain the mitochondrial
membrane potential that is necessary for succinate oxidation.

In macrophages, NLRP3 inflammasome activation generally
occurs via a two signal model (45). Signal 1 is mediated by TLR,
IL-1R, or TNFR activation that elicits maximal expression of
pro-IL-1B and inflammasome components. Numerous stimuli
have been shown to provide signal 2 and the diverse structure of
these molecules has led to the concept that cellular stress is a
unifying factor responsible for NLRP3 inflammasome activation
(45). With regard to S. aureus, oi-toxin acts as signal 2 to activate
a primed NLRP3 inflammasome (50). This has been attributed to
K" efflux from cells as a consequence of toxin-mediated
membrane disruption, which can be potentiated by gasdermin
D cleavage by the NLRP3 inflammasome that forms another
transmembrane pore leading to pyroptosis (51). However, in vivo
studies have shown that o.-toxin alone is not sufficient for NLRP3
activation. Another requisite is S. aureus lipoproteins that
provide signal 1 via TLR2 activation to elicit maximal
expression of pro-IL-1B and inflammasome components (52).
Recently, it was shown that S. aureus packages its pore-forming
toxins into extracellular vesicles that are then internalized by
immune cells. Upon uptake, S. aureus-derived vesicles contain all
of the requisite factors to induce inflammasome activation, thus
providing the bacteria with another mechanism to modulate the
immune response (53). A paradox is why S. aureus augments
NLRP3 inflammasome activation given its ability to produce the
pro-inflammatory cytokines IL-1f3 and IL-18. However, a recent
study has demonstrated that S. aureus o-toxin exploits NLRP3
inflammasome activation in macrophages by recruiting
mitochondria away from the phagosome, which inhibits
mitochondrial ROS production via complex II (SDH) of the
electron transport chain (ETC), phagosomal acidification, and
bacterial killing (54). This effect was independent of NLRP3-
mediated IL-1B and IL-18 production. Intriguingly, this
represents another mechanism that S. aureus exploits to
prevent immune-mediated clearance.

Subsequent in vitro studies examining the mechanisms of
macrophage metabolic remodeling revealed that the increase in
succinate following TLR activation was due to the action of
itaconate, a derivative of the TCA intermediate aconitate.
Itaconate is produced by immune-responsive gene 1 (IRG1)
and as the concentration of itaconate increases, SDH is
progressively inhibited. This leads to succinate accumulation
and decreased oxygen consumption via the inhibition of SDH,
which is also complex II of the mitochondrial ETC (Figure 2)
(55-59). Although the initial production of itaconate augments
macrophage pro-inflammatory activity, its accumulation begins
to exert anti-inflammatory effects (60). As itaconate accumulates,
it is transported out of mitochondria where it can interact with

cytoplasmic protein targets, namely Kelch-like ECH-associated
protein 1 (KEAP1) (61-63). Under homeostatic conditions,
KEAP1 is bound to nuclear factor erythroid 2-related factor 2
(Nrf2), which targets the complex for proteasomal degradation.
Under stress conditions, such as S. aureus-induced toxin action,
the complex dissociates and Nrf2 translocates to the nucleus
where it acts as a transcription factor for numerous anti-
inflammatory genes (64). Itaconate is capable of disrupting the
KEAP1-Nrf2 association via alkylation of cysteine residues in
KEAP1 to promote Nrf2 nuclear translocation and the
transcriptional activation of anti-inflammatory genes. Via this
mechanism, itaconate represents a way to counterbalance the
proinflammatory activity of succinate accumulation (65, 66).

Amino acid metabolism is also important for influencing
macrophage polarization, where arginine is differentially utilized
by macrophages to exert distinct effector functions (67). For
example, in response to planktonic S. aureus and other pro-
inflammatory stimuli, macrophages utilize arginine to drive
inducible nitric oxide synthase (iNOS) activity and nitric oxide
(NO) production (68). Nitric oxide is a highly reactive free
radical that exerts potential bactericidal activity by inducing
DNA and membrane damage as well as targeting oxidative
metabolism (69-71). However, S. aureus is capable of evading
host NO production, which differentiates it from other
Staphylococcal species. One example is flavohemoprotein
(hmp) expression that allows S. aureus to detoxify its
environment by converting NO into nitrate, making it an
iNOS-dependent virulence determinant (72). Another
component of the nitrosative stress response in S. aureus is L-
lactate dehydrogenase (Idhl), which is a NO-inducible gene.
While hmp serves to detoxify the environment, Ldh allows S.
aureus to maintain redox homeostasis by promoting the
conversion of pyruvate to lactate (73). Although this metabolic
program generates less ATP compared to oxidative metabolism,
it provides a mechanism by which S. aureus can maintain its
reducing equivalents until Hmp can decrease NO levels. In
contrast to iNOS, arginine is used by arginase-1 (Arg-1) in
anti-inflammatory polarized macrophages to produce
ornithine. Ornithine is further metabolized into polyamines
and proline for wound repair and cell growth processes (74,
75). Increased Argl expression has been linked to macrophage
anti-inflammatory activity during S. aureus biofilm infection
(76-78). To determine if Argl expression was required for the
immune suppression associated with S. aureus biofilm infection,
our laboratory utilized Arg-1"% Tie-2" conditional knockout
mice where myeloid cells lacked Arg-1. Argl was dispensable for
myeloid immunosuppression during biofilm formation but was
critical for S. aureus containment during abscess formation (79).
This was in agreement with a prior study showing that host
polyamine production was important for controlling S. aureus
growth in a mouse SSTI model (80). Taken together, these results
indicate that the effects of Argl expression are context-dependent
in terms of myeloid cell function during S. aureus biofilm vs.
planktonic infection.

Monocyte/macrophage metabolism was recently shown by
our laboratory to be important for influencing the outcome of S.
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aureus biofilm infection in a mouse model of PJI (81). S. aureus
biofilm biased monocytes towards oxidative metabolism which,
much like macrophages exposed to biofilm in vitro, were largely
anti-inflammatory in nature (82). Therefore, a nanoparticle
approach was used to deliver oligomycin, an inhibitor of
complex V of the ETC, to redirect monocyte metabolism
towards glycolysis. Oligomycin nanoparticles augmented
monocyte pro-inflammatory activity, which coincided with
reduced biofilm burden in vivo, indicating that metabolic
remodeling could prove to be an effective therapeutic approach
for chronic biofilm infection (81). Importantly, monocyte
metabolic reprogramming was capable of attenuating an
established biofilm infection, whose efficacy was heightened by
concominant antibiotic treatment.

GRANULOCYTE METABOLISM

Although much progress has been made in understanding the
role of metabolism in macrophages, comparatively less is known
about how metabolic changes affect granulocyte function.
Neutrophils have been shown to rely almost entirely on
glycolytic modes of metabolism to fuel their effector functions,
which agrees with a reduced mitochondrial abundance (83, 84).
Similar to pro-inflammatory macrophages, activated neutrophils
adopt a metabolic program that is similar to the aerobic
glycolysis that was first described by Otto Warburg in the
1920’s (85), which has since become known as “Warburg
metabolism” (86, 87). This heavy reliance on glycolysis, even in
oxygen replete conditions, is necessary to increase carbon
flux through the pentose phosphate pathway (PPP) to increase
the NADPH pool that is required for NADPH oxidase activity
and ROS production (16, 88). Like pro-inflammatory
macrophages, metabolic intermediates from the TCA cycle
that is fueled by glycolysis, are used for anabolic processes to
promote granulocyte functional activity. For example, citrate
from the TCA cycle can be diverted for fatty acid synthesis to
drive the production of pro-inflammatory mediators such as
prostaglandins and leukotrienes (89-92). Although granulocytes
are typically considered as purely glycolytic, some studies have
also identified granulocytes that instead utilize mitochondrial
oxidative metabolism (93). In the context of cancer, glucose
within the tumor microenvironment can quickly become a
limiting factor. Under these conditions, a population of
immature, c-Kit" neutrophils has been shown to utilize
fatty acid oxidation to maintain ROS production by NADPH
oxidase (93). These immature neutrophils in tumor-bearing mice
were regulated through aberrant SCF/c-Kit signaling and
metabolically adapted for the lack of glucose within the tumor
microenvironment. Functionally, this meant the adapted
neutrophils retained the ability to produce ROS, which can
interfere with CD4" T cell anti-tumor activities (94-96).
Although not definitively established, these c-Kit" neutrophils
possess many characteristics of granulocytic MDSCs (G-MDSCs,
see below). A similar reduction in glucose availability occurs
during S. aureus biofilm formation, as reflected by a shift towards

fermentative metabolism and lactate production (23), which
shapes the metabolic attributes of infiltrating leukocytes, which
is discussed below.

MDSCs are a heterogenous population of immature myeloid
cells that are grouped into two categories based on their shared
characteristics with mature monocytes or neutrophils, namely
M-MDSCs and G-/PMN-MDSCs (97-99). Both subsets are
thought to exert their suppressive activity through increased
ROS production, although M-MDSCs can also utilize Arg-1 to
deplete arginine that is required for TCR expression to
inhibit T cell activation (94, 100, 101). Although MDSCs
have been best characterized in cancer, they have also been
implicated in promoting chronic infection, including S. aureus
biofilm (25-28), bone, and skin infection (102, 103). Due to
the extensive heterogeneity of MDSCs and context-dependent
modes of action, describing a singular metabolic program that is
characteristic of these cells has proved challenging. Nevertheless,
a few reports have examined MDSC metabolism and how
this affects their suppressive activity (104-106). One study
found that M-MDSCs suppress T cell activation by inhibiting
glycolysis through direct physical contact. Interestingly,
M-MDSCs were metabolically dormant, characterized by
an accumulation of the o-dicarbonyl methylglyoxal.
Methylglyoxal was found in T cells following co-culture with
M-MDSCs and treatment with dimethylbiguanide (DMBG),
which neutralizes dicarbonyls, restored T cell activation,
supporting the importance of methylglyoxal in MDSC-
mediated T cell suppression (107, 108). Another study
has pointed to fatty acid accumulation and subsequent
prostaglandin production as a metabolic mechanism for
MDSC suppression. Specifically, PMN-MDSCs overexpress a
fatty acid transporter (FATP2), which led to fatty acid
accumulation and prostaglandin E, (PGE,) production that
promoted their immunosuppressive effects (109). These studies
highlight the metabolic diversity that MDSCs can adopt to
influence their inhibitory activity. S. aureus biofilm elicits G-
MDSCs that may utilize a distinct metabolic program to exert
their suppressive effects than those described here, which
remains to be determined. Further investigation into how
MDSC metabolism evolves throughout the course of infection
is required to appreciate the role that these cells play in shaping
the host immune response.

HOST-PATHOGEN METABOLIC
CROSSTALK

In an infectious milieu, not only will leukocytes and the pathogen
have to compete for the same nutrient sources, but this also
creates a new environment in which the two could interact. For
instance, a recent study demonstrated how host adapted strains
of P. aeruginosa responded to the secretion of itaconate by
selecting for variants that were able to utilize the host-derived
metabolite as a nutrient source (110). This selection process
coincided with modifications of membrane structural
components in P. aeruginosa to augment host-derived
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itaconate release, thereby establishing a positive feedback loop to
promote chronic infection. This illustrates the importance of not
only considering the metabolism of either the host or pathogen
in isolation, but also the byproducts that they excrete and
exchange. Such molecules constitute a new avenue for cellular
signaling that the host and/or pathogen could leverage to their
benefit during infection. These systems become even more
complex in the context of polymicrobial infections, a common
occurrence with P. aeruginosa and S. aureus in the lungs of CF
patients (111-113). With the additional layering of another
organism, the potential number of molecules and interactions
increases exponentially.

S. AUREUS METABOLISM AND
COMPETITION FOR NUTRIENTS

Competition for the various nutrient sources in an infectious
milieu is probably the most intuitive level by which metabolic
crosstalk occurs. In an infection, there are at least two entities (i.e.
host and pathogen) racing to consume the same resources, which
becomes more complicated in the context of polymicrobial
infections. Glucose and oxygen are among the first resources
that become restricted in these settings and their deprivation can
be enough to bias the actions of responding immune cells or
pathogens alike. These events can also dictate the nature of
immune cell death, which has been reported to occur via two
types of programmed necrosis, namely necroptosis or pyroptosis.
Necroptosis is induced by the interaction of TNF with receptor-
interacting protein kinase 1 (RIPK1), eliciting a cascade that
culminates in the phosphorylation of mixed lineage kinase
domain-like protein (MLKL) that damages the plasma
membrane leading to cell death. Pyroptosis occurs in response
to inflammasome activation that cleaves gasdermin D, which
oligomerizes to form pores in the cell membrane. While both
forms of cell death induce inflammation, the heightened
production of inflammatory mediators associated with
inflammasome activation makes pyroptosis more inflammatory
in nature than necroptosis (114). The roles of S. aureus
metabolism in dictating different modes of immune cell death
will be discussed below.

CARBOHYDRATE AVAILABILITY AND S.
AUREUS METABOLISM

Much work has been done to elucidate S. aureus metabolic
adaptations under a variety of in vitro and in vivo conditions
and the reader is directed to several excellent and comprehensive
reviews on the topic (9, 23, 24), since only a brief overview is
provided here. S. aureus utilizes a number of two-component
regulatory systems to sense changes in its environment (115,
116). These systems interface with complex transcriptional
networks to tightly control nutrient use throughout different
phases of growth and infection. This is referred to as carbon
catabolite repression and ensures that bacteria optimally utilize

available nutrient resources in a hierarchical manner (117-119).
S. aureus uses two catabolite control proteins (CcpA & CcpE) to
modulate glucose utilization through central carbon metabolism.
In glucose replete conditions, oxidative metabolism is repressed
by CcpA, which inhibits the expression of critical TCA cycle
enzymes (120-122). As glucose becomes depleted, CcpA activity
is reduced which induces the TCA cycle and citrate production.
Citrate is sensed by CcpE, which bolsters TCA cycle activity and
increases the expression of S. aureus virulence factors (123, 124).
It has been shown that S. aureus can quickly outcompete host
keratinocytes for available glucose, which leads to keratinocyte
death by pyroptosis (125, 126). Pyroptosis fails to clear S. aureus
infection because NLPR3 inflammasome activation by o-
hemolysin redirects mitochondria away from bacteria-
containing phagosomes, thereby preventing acidification and
killing (54). Thus, pyroptosis is beneficial for the bacteria
because it promotes its intracellular escape and dissemination,
while simultaneously introducing any host-derived metabolic
intermediates into the infection milieu to be utilized for pathogen
survival and replication.

The importance of this battle for glucose is particularly
relevant in the setting of diabetes. Diabetic patients are
characterized by hyperglycemia and often present with
persistent and invasive S. aureus infections (127, 128). A recent
study examining S. aureus SSTI in a diabetic mouse model has
shown that although there is more bioavailable glucose in
diabetic tissues, phagocytes failed to take up the carbohydrate
with either GLUT-1 or GLUT-3 transporters. This resulted in
impaired oxidative burst activity and increased bacterial burden
(129). S. aureus infection in diabetic patients has been linked to
an increase in the recruitment of low-density neutrophils (LDN’s)
(130). LDNs are associated with increased rates of NETosis, or
the production of neutrophil extracellular traps (NETSs).
Although, NETs are typically considered to exert anti-
microbial effects, elevated levels of NETosis have been linked
to impaired wound healing in patients with diabetes, whose
neutrophils are more prone to NET formation (131). Increased
NETosis in diabetic patients could result from the elevated levels
of glucose within diabetic tissues, as glucose is a metabolic
requirement for the process. Of note, MDSCs that are
expanded in the blood of tumor patients have been
characterized as LDNs (132, 133). By extension, it is intruging
to speculate that the LDNs described in diabetic patients are
actually MDSCs, which might explain why these individuals are
more prone to chronic and recurrent S. aureus infections,
although this remains to be determined.

HYPOXIA AND S. AUREUS METABOLISM

Hypoxia is particularly relevant in the context of biofilm
infections, since bacteria in the innermost regions of the biofilm
experience low oxygen bioavailability. Anaerobic conditions have
been shown to induce the expression of biofilm-associated genes
such as icaADBC that encode polysaccharide intercellular
adhesins that promote bacterial aggregation and adherence to
host surfaces (134-136). Bone, a niche that is often targeted by
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S. aureus biofilm, has a low oxygen tension since it is less
vascularized compared to other tissues (137, 138). The immune
response elicited during S. aureus bone infection exacerbates this
hypoxic environment as infiltrating immune cells quickly increase
their oxygen demand upon activation (139, 140). The biofilm
responds to this progressive decline in oxygen tension by
switching from respiration to fermentation concomitant with an
increase in virulence factor production to attack immune cells to
promote infection persistence (141). The transition from
respiration to fermentation in S. aureus is regulated by several
factors including SrrAB and Rex. The SrrAB two-component
system was initially identified through homology comparisons
with the ResDE two-component system of Bacillus subtilis, which
controls the switch between aerobic and anaerobic respiration
(142). While its ligand remains unknown, SrrAB increases the
expression of fermentative genes such as pfIAB, adhE, and nrdDG
that allow it to thrive in an anaerobic environment (141, 143, 144).
S. aureus can also respond to changes in oxygen availability
indirectly through the transcriptional repressor Rex, which
inhibits genes that are important for anaerobic respiration when
oxygen is present. Rex senses redox conditions within the cell
through changes in the NADH/NAD" pools. As NADH levels
rise, Rex becomes derepressed and is released from the DNA,
thereby allowing for the transcription of fermentative genes in an
effort to maintain reducing equivalents within the cell (9, 145).
Therefore, oxygen depletion could either be a consequence of
bacterial growth, or a strategy enacted by the biofilm to ensure
persistent infection.

EPIGENETIC CHANGES INDUCED BY
IMMUNOMODULATORY METABOLITES

Bacterial-derived metabolites are also capable of affecting
leukocyte activation and function. Recent work has shown that
lactate production by S. aureus biofilm induces epigenetic
changes in leukocytes at the level of histone acetylation (146).
Utilizing a number of S. aureus lactate dehydrogenase (ldh)
mutants, our group demonstrated that biofilm-derived lactate
was imported into MDSCs and macrophages where it inhibited
histone deacetylase 11 (HDAC11; Figure 3). HDACI11 inhibition
prevented its normal function of counterbalancing HDAC6
activity that is a positive regulator of IL-10 transcription,
resulting in enhanced IL-10 production and biofilm
persistence. Synovial fluid from patients with PJI contained
elevated amounts of both D-lactate and IL-10 compared with
control subjects and IL-10 production by human monocyte-
derived macrophages was induced by biofilm-derived lactate,
supporting the translational relevance of these findings (146).
This demonstrates how a bacterial-derived metabolite can
significantly rewire the host-pathogen dynamic to favor
persistent infection. Recently, lactate has also been shown to
directly modify histones with functional genomic implications
(147-149). This lactate modification of histone lysine residues
(termed lactylation) was shown to operate as a sort of “clock”. As
inflammation progressed, the lactate produced by increased
glycolysis lactylated histones. As these lactate marks
accumulated, homeostatic genes were induced that led to a
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resolution of inflammation. Thus, histone lactylation functions
as an endogenous timer for inflammatory events.

While innate immune cells do not possess the characteristic
long-lasting immunity of lymphocytes, they are capable of trained
immune memory (150, 151). Trained immunity arises from
epigenetic modifications that prime leukocytes for a subsequent
encounter with another stimulus (152-154). Interestingly, trained
immunity is not stimulus-specific and can induce widespread
changes in how a leukocyte responds to a second insult. Several
studies have shown that prior infection with S. aureus establishes
trained immunity in macrophages that provides temporary
protection from a second bacterial challenge (155-157). Trained
immunity in response to S. aureus has been shown to occur via
epigenetic changes induced by the metabolite fumarate. Fumarate,
like lactate, interferes with the epigenomic remodeling of histone
marks by acting as an antagonist for lysine demethylases (KDMs)
(158-162). A recent study demonstrated the importance of fumarate
during S. aureus infection by contrasting wild type infection with
AhemB small colony variants (SCVs) that were able to deplete local
fumarate stores via enhanced fumarate hydratase (fumC) expression
(163, 164). Trained immunity was assessed by comparing bacterial
burden after a secondary challenge with S. aureus 28 days following

the primary infection. The reduction in fumarate by SCVs increased
host cell glycolysis, which inhibited trained immunity by
necroptosis (Figure 4) rather than inflammasome-dependent
pyroptosis (165). This is beneficial for bacterial persistence since
necroptosis elicits less inflammation compared to pyroptosis (166).
These effects were not observed with wild type S. aureus, which was
less effective at utilizing fumarate. This difference may represent one
explanation for why S. aureus SCVs are typically associated with
chronic infections.

MODULATING METABOLISM AS A
THERAPEUTIC TARGET

The selective targeting of either host or pathogen metabolism
represents an exciting therapeutic prospect that would bolster
traditional antibiotic therapies that are commonly used for
infections. Metabolic interventions have the potential to be
highly efficacious as was shown in our work where metabolically
reprogramming monocytes synergized with antibiotics to reduce
established S. aureus biofilm infection to below the limit of
detection (81). Of particular interest are therapies targeting
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immunometabolism rather than bacterial metabolism, since
pathogen resistance would be less prevalent with a host-targeted
approach. If we can gain a better understanding of the underlying
metabolic modules that dictate beneficial vs. detrimental immune
responses, then it should be feasible to tailor leukocyte metabolism
to enhance pathogen neutralization. The main caveat of this
approach is that the metabolic pathways utilized by the host and
pathogens share many attributes. Therefore, potential metabolic
therapies would need to be targeted to avoid non-specific effects.

CONCLUSION AND FUTURE DIRECTIONS

In a time of increasing interest in leukocyte metabolism, it is
important to think globally in terms of the interplay between
host and pathogen metabolic states. Bacterial pathogens, such as
S. aureus, undergo their own metabolic programming (10, 11),
often in direct competition with responding immune cells. In
addition, the metabolic attributes of tissue resident parenchymal
cells have the potential to shape the metabolic responses of both
infiltrating leukocytes and bacteria, revealing another level of
complexity. Considerable care must be taken when designing
experiments to deconstruct these complex systems in vitro, since
the composition of mammalian cell culture media can have
drastic deviations from metabolite concentrations found in
human plasma (167). Therefore, findings must be validated
in leukocytes and bacteria immediately ex vivo, as the selection
of in vitro culture conditions could result in metabolic changes
that are not reflective of in vivo infection (167).

As discussed in this review, S. aureus as well as other bacterial
pathogens possess the ability to not only modify their
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Staphylococcus aureus is a highly successful Gram-positive pathogen capable of
causing both superficial and invasive, life-threatening diseases. Of the invasive disease
manifestations, osteomyelitis or infection of bone, is one of the most prevalent, with
S. aureus serving as the most common etiologic agent. Treatment of osteomyelitis
is arduous, and is made more difficult by the widespread emergence of antimicrobial
resistant strains, the capacity of staphylococci to exhibit tolerance to antibiotics
despite originating from a genetically susceptible background, and the significant bone
remodeling and destruction that accompanies infection. As a result, there is a need
for a better understanding of the factors that lead to antibiotic failure in invasive
staphylococcal infections such as osteomyelitis. In this review article, we discuss
the different non-resistance mechanisms of antibiotic failure in S. aureus. We focus
on how bacterial niche and destructive tissue remodeling impact antibiotic efficacy,
the significance of biofilm formation in promoting antibiotic tolerance and persister
cell formation, metabolically quiescent small colony variants (SCVs), and potential
antibiotic-protected reservoirs within the substructure of bone.

Keywords: Staphylococcus aureus, osteomyelitis, antibiotic failure, biofilm, SCVs, persisters, intracellular survival,
antibiotic tolerance

INTRODUCTION

Staphylococcus aureus is the leading cause of osteomyelitis, which is defined as inflammation
of bone but is most commonly encountered in the setting of bacterial infection. Osteomyelitis
can result in significant morbidity such as progressive bone damage, pathologic fractures, and
septicemia (1, 2). Bone infections typically develop via three clinical mechanisms, including
hematogenous seeding of bone, invasion of bone from a contiguous source (e.g., following trauma
or via spread from soft tissues), or infection occurring secondary to vascular insufficiency or
neuropathy (e.g., diabetic foot infection) (1). Osteomyelitis can be isolated to a single part of the
bone or it can impact multiple regions including the bone marrow, cortical and trabecular bone,
the periosteum, and surrounding soft tissues (1, 2).

The treatment of acute osteomyelitis using antibiotic therapy is associated with a high success
rate (3); however, many cases require surgical debridement in addition to antibiotic therapy and
despite these measures, treatments fail in ~20% of cases (4). Osteomyelitis treatment is complicated
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by a number of factors, including: (1) widespread antimicrobial
resistance, (2) antibiotic tolerance as a result of metabolic
changes and/or biofilm formation, (3) the inability of antibiotics
to penetrate infected and damaged bone, and (4) the colonization
of potentially antibiotic-protected reservoirs within the
substructure of bone. Accordingly, S. aureus has multiple
mechanisms outside of traditionally defined antibiotic resistance
that can contribute to treatment failure of osteomyelitis
infections, and as such, these mechanisms (Figure 1) will be the
focus of this review.

THE DEVELOPMENT OF CHRONIC
OSTEOMYELITIS

Key characteristics of osteomyelitis are severe inflammation,
vascular impairment, and localized bone loss and destruction
(2). The host responds to the presence of bacteria such as
S. aureus by releasing inflammatory factors and degradative
enzymes from immune cells, which contribute to the destruction
of bone matrix and bone trabeculae (1, 5-10). Many of the innate
immune responses involved in antibacterial host defense also
have significant impacts on bone homeostasis, and the release
of inflammatory mediators at the infection site can result in
decreased osteoblast-mediated bone formation and increased
osteoclast activation and bone resorption, thereby promoting
bone loss. To counteract the host immune response, S. aureus
releases specific immunoevasive virulence factors, including
those that have been linked to osteomyelitis pathogenesis such
as protein A (Spa) and the major histocompatibility complex
(MHC) class II analog protein (Map) (10). In addition to the
primary role of protein A in immune evasion, Spa has also been
documented to contribute to staphylococcal osteomyelitis by
altering bone homeostasis via direct interactions with osteoclasts
and osteoblasts, resulting in bone loss (11, 12). Map contributes
to osteomyelitis by altering T-cell function (13).

S. aureus immunoevasive factors also contribute to the
formation of abscesses, which are the characteristic tissue lesions
of invasive staphylococcal infection and consist of a three-
dimensional community of bacteria surrounded by immune cells.
This physical segregation of bacterial cells from the surrounding
host tissue is predicted to protect pathogens from both the host
response and antibiotic treatment (14-16). The bacteria within
the core of abscesses are referred to as staphylococcal abscess
communities (SACs), which are surrounded by a pseudocapsule
made of fibrin and other host extracellular matrix proteins (14,
16). In addition, this dense community of bacteria is surrounded
by immune cells, including both viable and necrotic neutrophils.
For a more detailed description of the mechanisms underlying
staphylococcal abscess formation, readers are directed to the
outstanding review by Cheng et al. (14). During osteomyelitis,
abscesses commonly form within the bone marrow space as
well as in the surrounding soft tissues (15, 17, 18). Abscess
formation and exuberant inflammation during osteomyelitis also
compromise the blood supply to the bone leading to further
bone necrosis. Necrotic bone fragments result in the formation
of lesions known as sequestra, which are characteristic of chronic

osteomyelitis and serve as a nidus for persistent infection (1).
In response to the sequestrum, new bone formation occurs
resulting in the formation of a pathologic lesion known as
an involucrum (10). With regards to treatment failure, it is
hypothesized that the SACs play an important role given that
the bacteria have an increased tolerance to antibiotic treatment
(16). Further, Hofstee et al. revealed that the upon mechanically
dispersing SACs, bacteria were efficiently killed, suggesting the
pseudocapsule provides protection from antibiotic treatment.
Two staphylococcal coagulases, staphylocoagulase (Coa) and von
Willebrand factor-binding protein (vWbp), are important for the
formation of the pseudocapsule (14) and therefore could play an
important role in the treatment failure of S. aureus. Additionally,
as a result of the vascular impairment in infected bone, systemic
antibiotics are thought to be significantly less effective (1).

THE ROLE OF BIOFILM FORMATION

S. aureus biofilm formation on necrotic bone and implanted
material greatly contributes to bacterial persistence during
bone infection, and is presumed to be a leading cause of
treatment recalcitrance during chronic osteomyelitis (19, 20).
Biofilms are multicellular microbial communities encased within
a self-produced matrix that are formed on either organic or
inorganic surfaces and exhibit increased tolerance to antibiotics
(21-25). Vascular impairment and decreased oxygen tension
within sequestra provide ideal conditions which promote
the attachment of planktonic bacteria and ultimately biofilm
formation (2). Regardless of how the bacteria reach bone or
implant surfaces, the bacteria attach to the surfaces using
microbial surface components recognizing adhesive matrix
molecules (MSCRAMMs). Specifically, the colonization of bone
occurs through the attachment of planktonic bacteria to
extracellular matrix proteins, bone cells, or plasma proteins
(26-28). For example, two staphylococcal adhesins that play
an important role in bone adhesion during osteomyelitis are
collagen adhesion protein (Cna) and bone sialoprotein (Bbp)
(29-31). Following attachment, bacteria produce an extracellular
matrix (ECM) composed of proteins, polysaccharides, and/or
extracellular DNA (eDNA), leading to the formation of a
mature biofilm (32). The extracellular matrix is important for
binding bacterial cells to each other and to the substrate,
as well as for maintaining the biofilms structural integrity.
In addition, protection is provided to bacteria within the
biofilm given the decreased susceptibility of the biofilm
to the host immune response, environmental stresses, and
antibiotics (33).

Bacteria within biofilms have been found to be 10 to 1,000
times more tolerant to antibiotic treatment in comparison
to the genetically identical planktonic bacteria (34). Biofilms
may act as diffusion barriers for antibiotics thereby reducing
the penetrance of antibiotics toward the deeper layers of
the biofilm (34). However, the biofilm diffusion barrier
function cannot solely account for the dramatic reduction in
antibiotic susceptibility observed, as antimicrobials that do not
interact with components of the ECM are able to diffuse
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FIGURE 1 | Mechanisms of Antibiotic Failure in S. aureus Infection. (A) Abscesses are the characteristic tissue lesions of invasive staphylococcal infection. The
bacteria within the core of abscesses are referred to as staphylococcal abscess communities (SACs), which are surrounded by a pseudocapsule made of fibrin and
other host extracellular matrix proteins. The SAC is surrounded by immune cells, including both viable and non-viable neutrophils. Bacteria within a SAC exhibit
increased tolerance to antibiotic treatment. (B) Abscess formation and exuberant inflammation during osteomyelitis compromise the blood supply to the bone leading
to bone necrosis. Necrotic bone fragments result in the formation of tissue lesions known as sequestra, which are characteristic of chronic osteomyelitis and serve as
a nidus for persistent infection. In response to the sequestrum, new bone formation occurs resulting in the formation of a pathologic lesion known as an involucrum.
Vascular impairment resulting from infection significantly diminishes the effectiveness of systemic antibiotics. (C) Biofilm formation on bone greatly contributes to
bacterial persistence during bone infection, and biofilm-associated bacteria exhibit increased tolerance to antibiotics. Biofilms may act as diffusion barriers for
antibiotics, thereby reducing the penetrance of antibiotics toward the deeper layers of the biofilm. The biofim environment, which is characterized by significant
nutrient and oxygen gradients, is thought to promote the production of antibiotic tolerant bacterial cells (e.g., small colony variants [SCVs] and persisters) (SCVs are
illustrated as pink cocci; persisters are illustrated as orange cocci). (D) S. aureus has been shown to invade and survive within professional phagocytes (e.g.,
macrophages) and resident bone cells (e.g., osteoclasts and osteoblasts). Intracellular survival contributes to antibiotic tolerance given that most antibiotics act
extracellularly, and the intracellular host environment is thought to enrich the formation of SCVs and persisters. (E) Osteocytes, the major cell type embedded within
the bone matrix, reside in structures known as lacunae, and connect to one another via a three-dimensional network of channels known as canaliculi. Colonization of
the osteocyte lacuno-canalicular network (OLCN) is believed to promote chronicity of S. aureus osteomyelitis as the antibiotic concentrations needed for bacterial
eradication may not be possible to achieve within the infected OLCN. Bacteria within the OLCN might also be protected from the host response.

at a rate comparable to diffusion through water (35). As  some antibiotics, and in these cases altered metabolic activity
such, the contribution of the diffusion barrier to the overall — of biofilm bacteria is hypothesized to be a major driver of
increased tolerance of biofilms is likely less important for  antibiotic tolerance.
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Small Colony Variants and Persisters

Small colony variants (SCVs) and persisters are two phenomena
reflective of the altered metabolic activity of bacteria within
biofilms (36). Persisters are dormant phenotypic variants
with increased antibiotic tolerance, found within a susceptible
bacterial population (37). These antibiotic-tolerant cells are
transient variants which revert to a drug susceptible state
upon subculturing in fresh growth media (38). The biofilm
environment, which is characterized by a paucity of nutrients and
oxygen, is thought to promote the production of persisters given
that these conditions support a reduction in metabolic activity
and a low energy state—traits of antibiotic tolerant persisters
(39). SCVs are characterized by their pinpoint colony size, altered
pigmentation, slow growth, activation of the stringent response,
downregulation of virulence genes via a reduction of the agr
quorum sensing system, and upregulation of genes associated
with adhesion and biofilm formation through the activation
of the alternative sigma factor B (sigB) (40-42). A variety of
different stressors have been shown to trigger SCVs, including
antibiotic pressure, low pH, limited nutrients, cationic peptides,
reactive oxygen species, and intracellular localization (43, 44).
Specific environmental stressors can result in the production
of phenotypically distinct SCVs which can be transient variants
that will revert back to wild-type under favorable conditions, or
irreversible SCVs that result from permanent genetic changes
(45-50). In the context of osteomyelitis, SCV's have been isolated
from chronic bone infections and are believed to support
persistent and relapsing infections (51, 52).

The increased antibiotic tolerance observed with persisters
and SCVs is suggested to be a result of their altered
metabolic activity (15, 47, 53, 54). With regard to SCVs,
mutations associated with the production of these variants
most commonly occur in menadione and hemin biosynthesis
genes (55). Importantly, menadione and hemin are essential in
the biosynthesis of menaquinone and cytochromes which are
components of the electron transport chain. Consequently, ATP
production decreases as a result of a reduction in membrane
potential, resulting in the slowing of bacterial growth. Given
that bactericidal antibiotics target active cellular processes, a
decrease in growth rate can result in increased tolerance to
these antibiotics (41, 47). In addition, the decreased membrane
potential can reduce the influx of aminoglycoside antibiotics,
resulting in decreased susceptibility to these antibiotics (55).

While persisters are similar to SCVs in that they tolerate
antibiotic treatment by entering into a more metabolically
quiescent state, the specific mechanism of persister formation in
S. aureus remained relatively unclear until recently. In Escherichia
coli, persister formation is linked to toxin-antitoxin modules;
however, when this was investigated in S. aureus it was found
that the deletion of these modules did not influence the levels
of persisters (56). However, the same study revealed that the
formation of persisters is associated with a stochastic entrance
into stationary phase and the depletion of intracellular ATP. As
such, the decrease in ATP results in a reduction in growth rate,
and therefore a reduction in the targets of many antibiotics,
resulting in an increase in antibiotic tolerance. Most recently,

in an effort to identify specific metabolic pathways resulting in
persister formation, Zalis et al. found that, within a growing
population, there are cells which stochastically express enzymes
of the tricarboxylic acid (TCA) cycle at low levels, resulting
in decreased ATP production and ultimately an increase in
antibiotic tolerance (57).

INTRACELLULAR SURVIVAL OF S. aureus

An additional mechanism potentially contributing to antibiotic
tolerance in the setting of invasive infection is the intracellular
survival of S. aureus. Previous studies have demonstrated the
capacity of S. aureus to invade and survive within professional
phagocytes including macrophages and neutrophils, as well
as non-phagocytic cells such as epithelial cells, keratinocytes,
endothelial cells, fibroblasts, and bone cells (58-62). Following
internalization, bacteria are able to escape cell death by evading
lysosomal compartments, preventing phagolysosomal fusion, or
persisting within vacuoles (63, 64). It has been shown that S.
aureus is able to not only survive within the phagolysosome but
also initiate intracellular replication (65). S. aureus is also thought
to persist intracellularly by adopting a metabolically inactive state
similar to SCVs (48). Intracellular persisters in macrophages have
also been identified following antibiotic exposure, suggesting
that the intracellular environment could contribute to S. aureus
persistence and relapsing infections (66). A more recent study
found that macrophages are unable to efficiently kill S. aureus
and that tolerance is induced to multiple antibiotics in response
to exposure to reactive oxygen species, thus highlighting a
more direct contribution of intracellular survival to antibiotic
tolerance (67).

With regards to osteomyelitis, S. aureus has been shown
in vitro to infect skeletal cells, including osteoblasts (68-
70) and osteocytes (71). Additionally, S. aureus has been
observed residing within osteoclasts in vitro and in vivo
(72). Notably, using TRAP-tdTomato reporter mice with a
green fluorescent protein (GFP)-expressing S. aureus strain,
Krauss et al. were able to image calvarial histological sections
using confocal microscopy, and GFP-expressing S. aureus were
localized within TRAP-tdTomato osteoclasts (72). However, the
contribution of intracellular survival in the context of human
osteomyelitis remains unclear, as thus far it has been difficult
to rigorously document intracellular communities of bacteria in
histologic specimens.

Although the contribution of intracellular survival in
osteomyelitis is not entirely understood, the effects of antibiotics
on intracellular survival remain of significant interest to the
research community. A study by Ellington et al. found that
following long-term S. aureus survival within osteoblasts,
bacterial sensitivity to antibiotic treatment decreases (73). S.
aureus survival in osteoblasts is believed to occur partly as a result
of SCV formation, and SCVs increase following the treatment
with select antibiotics (74-76). In addition to osteoblasts, SCV's
have also been shown to form upon internalization by terminally
differentiated osteocytes (71). Given the increased antibiotic
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tolerance observed with SCVss, their intracellular presence would
further complicate treatment. Furthermore, if the intracellular
survival of S. aureus contributes to the establishment of chronic
infections, antibiotic treatment could inadvertently promote
infection persistence by promoting SCV formation.

COLONIZATION OF THE OSTEOCYTE
LACUNO-CANALICULAR NETWORK
(OLCN)

Colonization of the osteocyte lacuno-canalicular network is
an additional mechanism considered to promote persistence
during S. aureus osteomyelitis. Osteocytes, the major cell
type embedded within the bone matrix (77), create a three-
dimensional network in which osteocytes directly connect
individual lacunae via canaliculi (78). Lacunae are the spaces
containing the individual osteocytes, whereas the canaliculi are
the channels containing the osteocyte cytoplasmic processes
(79). Recently, S. aureus was found to invade the OLCN in a
murine model of osteomyelitis (80). When imaging live cortical
bone using transmission electron microscopy (TEM), chains
of individual cocci were present within canaliculi. Given the
non-motile nature of S. aureus, it is hypothesized that the
bacteria are accessing the network and moving throughout
via asymmetric binary fission. Colonization of the OLCN was
further confirmed with a human S. aureus diabetic foot infection
where the use of TEM identified cocci within the osteocyte
lacunar and canalicular space (81). This discovery suggests a
novel mechanism of persistence in chronic osteomyelitis as
the bacteria within the OLCN might be protected from the
host response and the bone matrix could serve as a nutrient
source further supporting long-term survival. Importantly,
the minimal inhibitory concentrations needed for antibiotic
therapies may not be possible to achieve within an infected
OLCN (81).

TARGETING ANTIBIOTIC TOLERANCE
MECHANISMS TO IMPROVE S. aureus
TREATMENT

A greater understanding of the aforementioned tolerance
mechanisms and their contribution to antibiotic failure is
facilitating the development of more effective treatment
strategies. In the context of osteomyelitis, one approach is the
improved targeting of S. aureus within host cells given that
most antibiotics do not freely diffuse across the cell membrane.
To assist in improving osteomyelitis treatment, Valour et al.
determined the effectiveness of frontline antimicrobials by
assessing their impact on intraosteoblastic S. aureus and the
emergence of SCVs (75). This group found that some antibiotics
(i.e., vancomycin and daptomycin) have no significant impact
on intracellular bacterial growth whilst only ofloxacin had
both strong intracellular activity and a limiting effect on
SCV emergence. This study emphasizes that in refining the
antimicrobial therapy for osteomyelitis, the intraosteoblastic

activity of antibiotics should be considered. A combinatorial
treatment approach consisting of an anti-biofilm compound
(i.e., rifampin) with an effective intracellular-acting compound
may be more effective. Two additional studies working toward
targeting intracellular bacteria both leveraged engineering
approaches to enhance the effectiveness of peptidoglycan
hydrolases, which are highly specific bactericidal enzymes, as
a treatment for S. aureus infections (82, 83). These enzymes
were modified to contain either protein transduction domains
or cell-penetrating peptides, both of which facilitate entry
into mammalian cells and ultimately resulted in the enhanced
eradication of intracellular staphylococci in osteoblasts. Multiple
studies have also focused on the use of nanoparticles to
improve the treatment of intracellular bacteria in osteoblasts
and osteoclasts (84-86). One study in particular investigated
the use of hybrid nanoparticles to improve the delivery
of rifampicin to the intracellular environment (86). Using
rifampicin-loaded nanoparticles, Guo et al. increased the
delivery of rifampicin within osteoblasts as well as decreased
the number of surviving bacteria following treatment. Two
additional studies have reported the use of silver nanoparticles
to reduce bacterial survival within osteoclasts and osteoblasts
(84, 85). Specifically, Aurore et al. determined that with the
use of silver nanoparticles, the decrease in bacterial recovery
from osteoclasts correlated with an increase in reactive oxygen
responses (84).

Another approach to improve S. aureus treatment is
the targeting of persisters and SCVs by restoring uptake
of aminoglycosides, which is normally prevented by the
reduced membrane potential of these cells. A study by
Radlinski et al. found that rhamnolipids, a biosurfactant
produced by Pseudomonas aeruginosa, were able to improve
the effectiveness of the aminoglycoside tobramycin against
S. aureus (87). Ultimately, it was shown that the increased
uptake of tobramycin was PMF-independent, and this resulted
in inhibition of otherwise tolerant bacterial populations such
as persisters, SCVs, biofilm, and anaerobic populations of S.
aureus (88).

Lastly, efforts are now being focused on identifying novel
drug targets that are critical for S. aureus invasion into
the OLCN network. Using a microfluidic silicon membrane
canalicular array (uSiM-CA) developed to model S. aureus
invasion of the OLCN, Masters et al. screened select transposon
mutants and were able to identify penicillin binding protein
4 (PBP4) as critical to OLCN invasion (89). In a murine
model of implant-associated osteomyelitis, a strain lacking
PBP4 displayed a decreased tolerance to vancomycin treatment,
a reduction in pathogenic bone-loss at the implant site,
and an inability to invade and colonize OLCN. As such,
given the significant contribution of PBP4 to deep bone
invasion, the development of a PBP4-specific inhibitor could
improve osteomyelitis antimicrobial therapies. Taken together,
these studies highlight opportunities to increase the efficacy
of traditional antibiotics by leveraging adjunctive treatments
that target intracellular pathogens, persisters, and niche-
protected bacteria.
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CONCLUSION

Staphylococcus aureus osteomyelitis remains a serious health
threat given the significant morbidity and treatment recalcitrance
of these infections. S. aureus not only is able to adapt to changing
host environments and evade the host immune response, but
it also has multiple mechanisms to promote tolerance to
antibiotic treatment. As a result, treatment of osteomyelitis
requires long term antibiotic therapy, often in combination with
surgical debridement which can further increase osteomyelitis
morbidity. In order to improve the outcome of osteomyelitis
treatment and reduce the risk of relapse, a greater understanding
of the tolerance mechanisms used by S. aureus to survive
antibiotic treatment is essential. Furthermore, when developing
novel treatment strategies, it should be considered that the
effectiveness of treatments in vitro in a clinical microbiology
setting may not be an appropriate representation of effectiveness
in vivo.
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Recurrent S. aureus infections are common, suggesting that natural immune responses
are not protective. All candidate vaccines tested thus far have failed to protect against
S. aureus infections, highlighting an urgent need to better understand the mechanisms
by which the bacterium interacts with the host immune system to evade or prevent
protective immunity. Although there is evidence in murine models that both cellular
and humoral immune responses are important for protection against S. aureus, human
studies suggest that T cells are critical in determining susceptibility to infection. This
review will use an “anatomic” approach to systematically outline the steps necessary in
generating a T cell-mediated immune response against S. aureus. Through the processes
of bacterial uptake by antigen presenting cells, processing and presentation of antigens
to T cells, and differentiation and proliferation of memory and effector T cell subsets,
the ability of S. aureus to evade or inhibit each step of the T-cell mediated response
will be reviewed. We hypothesize that these interactions result in the redirection of
immune responses away from protective antigens, thereby precluding the establishment
of “natural” memory and potentially inhibiting the efficacy of vaccination. It is anticipated
that this approach will reveal important implications for future design of vaccines to
prevent these infections.

Keywords: S. aureus, vaccine, T cell, antigen presenting cell (APC), human leukocyte antigen (HLA)

INTRODUCTION

Staphylococcus aureus is an aerobic gram-positive organism that can cause local and systemic
infections in humans, ranging in severity from skin and soft tissue infection (SSTI) to more invasive
infections such as osteomyelitis, septic arthritis, pneumonia, bacteremia, and septic shock (1).
20-80% of humans are colonized with S. aureus in the nasopharynx, skin, and/or gastrointestinal
tract, providing a reservoir for subsequent infection and transmission (2, 3). A major issue in the
field is that “natural” immune responses against S. aureus infection do not seem to be protective and
recurrent infection is common—roughly 50% of adults and children with SSTT have a recurrence
within a year (4, 5). Developing an effective vaccine has been challenging; all candidate vaccines
tested thus far have failed to protect against S. aureus (6-8). These failures must be considered
in the context of nearly ubiquitous exposure to S. aureus; it is accepted that most individuals
are exposed to S. aureus shortly after birth and throughout childhood (9). This is reflected in the
fact that most people, regardless of age or history of symptomatic infection, have detectable levels
of anti-staphylococcal antibodies (9). However, whether these antibodies are protective remains
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elusive. Although there is evidence in murine models that
both cellular and humoral immune responses are important for
protection against S. aureus, human studies suggest that T cells
are most important in determining susceptibility to infection
(10, 11).

AN “ANATOMIC” APPROACH TO
UNDERSTANDING S. aureus EVASION OF
ADAPTIVE IMMUNITY

Herein, we take a systematic approach toward identifying
knowledge gaps in our understanding of protective adaptive
immunity against S. aureus by reviewing the “anatomy” of the
immune response. We focus on current knowledge of how anti-
staphylococcal immune responses are generated at each step of
the process, and how S. aureus can evade or interfere with these
processes. During infection, antigen presenting cells (APCs)
phagocytose bacteria and “process” them into smaller peptides by
proteolysis (Figure 1) (12). These peptides, called epitopes, may
then bind to Major Histocompatibility Complex (MHC) proteins
depending on the specific binding affinity of each peptide for
the MHC proteins (13). Epitope-bound MHC proteins are then
trafficked to the surface of the APCs, where they are presented to
cognate T cell receptors (TCR) on naive T cells within secondary
lymphoid organs (MHC Class I for CD8" T cells, MHC Class
11 for CD4™ T cells) (14). Binding of the epitope-MHC complex
to its cognate T cell receptor on naive T cells results in
differentiation into one of a number of T cell subsets, depending
on the local inflammatory milieu and cytokines expressed by
innate immune cells (15). These T cell subsets include both
effector and memory T cell populations, the latter of which
is responsible for the establishment of immunological memory
(15). Based on accumulated evidence regarding the importance of
T cell responses in defense against S. aueus infection, this review
will focus primarily on CD4™" T cell responses in the context of
protective adaptive immunity. It is anticipated that this approach
will reveal important implications for future design of vaccines to
prevent these important infections.

S. aureus AND ANTIGEN PRESENTING
CELLS

Overview

APCs activate T cells to shape immunological memory.
Professional APCs include dendritic cells, macrophages, and B
cells and are located in a variety of tissues. Dendritic cells are
present in the skin (Langerhans cells) and the lining of the
nose, lungs, stomach, and intestines (16). Macrophages, primarily
differentiated from peripheral blood monocytes, are found in
many tissues (17). B cells are produced in the bone marrow and
migrate to the spleen and other secondary lymphoid tissues for
maturation (18). APCs promote adaptive immune response by
secreting cytokines and by presenting specific epitopes bound to
MHC proteins. APCs provide three signals to stimulate CD4™"
T cells; peptide-MHC II complex, co-stimulatory molecules such
as B7.1 and B7.2, and stimulatory cytokines such as IL-12 (19).

During infection, S. aureus manipulates these signals to evade
host immune responses (20).

Manipulation of APC Cytokine Secretion
Generally, activation of human and mouse DCs results in
secretion of IL-12, which in turn promotes Thl immune
responses. Thl cells secrete IFNy, a cytokine that activates
macrophages at the site of infection to clear pathogens (21).
Moreover, stimulation of epidermal DCs (Langerhans cells)
results in secretion of the proinflammatory cytokine IL-6 and
IL-12 and inhibition of TRAC, a cytokine that promotes Th2
responses (22). Several S. aureus virulence factors impact APC
cytokine secretion (23). For example, S. aureus enterotoxin B
induces production of high levels of TNF-a and low levels
of IL-12 in DCs (24). In mice, depletion of DCs prior to
S. aureus infection resulted in higher lethality accompanied by
higher bacterial burdens in the kidneys and lungs (25). This was
concluded to be secondary to inhibition of IL-12 production
because protection was restored by injection of recombinant
IL-12. Similarly, phenol-soluble-modulins (PSMs) produced by
CA-MRSA strains upregulate CCR7 on the surface of DC
subsets and stimulate IL-10 secretion, while inhibiting TNF
production (26). Together, these findings suggest that S. aureus
can have tolerigenic effects of DCs. In contrast, S. aureus induces
production of high levels of IL-12 and IL-23 by monocytes,
monocyte-derived macrophages, and DCs, resulting in robust
Thl (IFNy) and Th17 (IL-17) responses (27). These opposing
data suggest that S. aureus can elicit protective or inhibitory
responses in APCs, depending on expression of specific virulence
factors and the local milieu.

Toxin-Mediated Killing of APCs

A major mechanism by which S. aureus may interfere with APC
function is by toxin-mediated APC killing. S. aureus produces a
number of bi-component pore-forming leukotoxins that directly
kill APCs by creating channels in the plasma membrane (28).
Bicomponent toxins are comprised of two subunits, called S
(slow) and F (fast), that oligomerize on the surface of target cells
to form membrane-spanning pores (29). S. aureus strains isolated
from humans produce at least four leukotoxins; the Panton-
Valentine Leukocidin (PVL), gamma (y)-hemolysin (HIgACB),
Leukotoxin ED (LukED), and Leukotoxin AB/GH (LukAB/GH)
(30). Each leukotoxin has distinct cellular targets that are defined
by receptor-specific interactions; monocytes, macrophages, and
DCs are targeted by LukAB (CD11b), LukED (CCR5, CXCRI,
CXCR2), Hlg AB (CCR2, CXCR1, CXCR2), HIgCB (C5aRl,
C5aR2), and PVL (C5aRl1, C5aR2)(29). In the context of
this review, the direct toxicity of leukotoxins is particularly
noteworthy because APCs are an essential link between innate
and adaptive immunity (18).

a- toxin (Hla) is a small B-barrel toxin that oligerimizes
to form pores in host cell membranes, resulting in cell lysis
and death by osmotic swelling and rupture (31). Hla binds
to its cellular receptor, ADAMI10 (32), resulting in toxicity
toward a wide range of mammalian immune cells, including T
cells, monocytes, dendritic cells, macrophages, and neutrophils
(33). Therefore, similar to the bicomponent leukotoxins, Hla
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FIGURE 1 | Anatomy of the interfering S. aureus virulence factors with antigen presentation and T cell differentiation. Following phagocytosis of S. aureus by APCs,
bacterial antigens are “processed” into epitopes by proteolysis. Immunodominant (ImD) epitopes bind to MHC Il based on binding affinity and are trafficked to the cell
surface, where they “find” cognate TCRs on naive T cells. Based on these model, there is a competition between different staphylococcal antigens for binding to MHC
Il proteins, and ImD antigens such as IsaA/B, CspA, Hpr, Luks, SpA, ET, ETI, TSST-1, and SSL are more successful in this competition. However, non-protective ImD
antigens can “outcompete” protective subdominant (SbD) antigens. S. aureus can interfere with the antigen presentation and T cell differentiation in multiple steps; Hla,
LukAB, LUkED, Hig AB, HIgCB, and PVL directly kill APCs and T cells. ET, ETI, TSST-1, and SSL as superantigens interfere with peptide-MHC Il and TCR interaction.
ETs and PSMs interfere with APC cytokines production. SEA, Hla, ET, ETI, TSST-1, SSL, LTA, and PG suppress T cell activation and interfere with T cell differentiation.
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expression can disrupt antigen presentation to T cells by directly
killing APCs and by inhibiting differentiation of T cells to
effector and memory cells (34). Primary infection in C57BL/6
mice with Hla-producing S. aureus impaired protection against
recurrent infection (35). This was attributed, at least in part, to
direct toxicity of Hla to dendritic cells, whose numbers were
decreased following skin infection with wild type S. aureus,
but not an Hla mutant (35). Consistent with this notion, anti-
Hla IgG protects against necrosis in the skin and lungs (36,
37), but the effects of antibody on immune cell toxicity are
not yet clear and may depend on the site of infection (37).
Along these lines, passive transfer of anti-Hla antibody into
mice protected against dermonecrosis by neutralizing toxin,
rather than by enhancing opsonophagocytosis (38). In this
model, Hla-specific antibody also protected against toxicity
toward dermal monocytes/macrophages. Therefore, while it is
tempting to speculate that Hla-specific IgG protects in part
by inhibiting toxicity toward APCs, further elucidation of the
mechanisms of protection is necessary. Taken together, these

findings demonstrate that S. aureus toxins can directly kill APCs,
but the importance of these processes in disturbing adaptive
immune responses has yet to be conclusively demonstrated in the
clinical setting.

PRESENTATION OF S. aureus-SPECIFIC
EPITOPES BY APCs

Overview

Once APCs internalize organisms, proteins are cleaved to small
peptides, which are bound to MHC and trafficked to the cell
surface for presentation to cognate TCRs on naive T cells
(14). Presentation of specific epitopes is highly dependent
on binding to MHC, which is dependent on the affinity of
peptide-MHC binding. Peptides that are bound strongly to
MHC are more “available” for presentation. These are called
immunodominant (ImD) peptides, and this step is critical for
determining the epitopes against which the immune response
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is focused. In contrast, peptides with a low affinity for MHC
are less efficiently presented, and are termed subdominant (SbD)
epitopes (39). ImD epitopes may also be determined by the
affinity of peptide-MHC presented epitopes to bind to their
cognate T cell receptors (TCRs). The selection of epitopes that
drive ImD/SbD antibody responses is somewhat different. For
example, un-processed antigens should be accessible to B cell
receptors (BCR). After processing by B cells and presentation
of epitopes to helper T cells, B cells will be activated against
specific epitopes, subsequently followed by antibody affinity
maturation and isotype switching. Therefore, antibodies develop
against the antigens that are both “available” to BCRs and
bind BCRs with strong affinity (40). One of the challenges in
establishing immunological memory against S. aureus is that the
staphylococcal ImD peptides may not elicit protective memory T
cell and antibody responses. In this scenario, one can envision
that a strong response against non-protective ImD epitopes
may be generated at the expense of a response against more
protective, but SbD, epitopes. Therefore, identification of ImD
epitopes is critical to better understand how natural immune
responses develop.

Immunodominant S. aureus Antigens That
Drive Antibody Responses

In addition to establishing immunological memory against
S. aureus, T cells work in concert with B cells resulting in high
affinity antibody production. A durable and effective antibody
response requires T helper cells to assist B cells for antibody
affinity maturation and isotype switching. Clearly, quantification
of antibody levels is simpler and more reproducible than T
cell responses. Therefore, the majority of studies on S. aureus-
specific immunity to date have focused on antibody levels. While
a detailed review of antibody levels in children and adults with
S. aureus infection is beyond the scope of this review, a few
key observations have emerged. First, children develop antibody
responses during the first year of life and the antibody levels
increase throughout childhood (41, 42). Second, high levels of
antibodies against selected S. aureus antigens are stable for years
in healthy individuals and appear to be functional (41). However,
despite high antibody levels during childhood, there may be
diminished ability of antibodies to neutralize critical S. aureus
toxins (42). Third, children with S. aureus infections generally
have higher antibody levels, compared with healthy children
(41, 43).

Because antibody levels are more readily quantifiable,
compared with T cell responses, one approach is to extrapolate
immunodominant antigens from the many antibody
studies reported. For example, Lorenz et al. identified four
immunodominant proteins during S. aureus infection; IsaA,
IsaB, CspA and Hpr (44). Although healthy S. aureus carriers
had significantly higher levels of IgG against IsaA comparing to
non-carriers, active immunization against IsaA is not protective
in mice and anti-IsaA levels are not correlated with protection
against S. aureus infection (45). Antibody levels against LukS,
LukE, HlgA, HlgC, LukF, LukD, HlgB, Hla, and Hla were high in
children with S. aureus infection, compared with healthy controls

(46). Importantly, antibody levels correlate with antigen-specific
circulating memory B cells (47). Radke et al. identified ImD
antigens using a proteomic approach to quantify antibody levels
against over 2600 S. aureus antigens. They identified 104 proteins
against which all patients had high-level reactivity. All of the
above-mentioned ImD proteins are reported within top fifty
highly reactive proteins, suggesting some level of conservation of
ImD antigens within the population (48).

Immunodominant T Cell Antigens in

S. aureus

Unfortunately, epitopes that are ImD in driving B cell/antibody
responses are not necessarily the same epitope that drive
ImD T cell responses. A variety of ImD T cell epitopes have
been identified in animal models, including epitopes within a
phosphodiesterase (Plc) (49), LukE and LukS-PV (50), nuclease
(51), and IsdB (52), and clumping factor A and protein A appear
to elicit T cell responses in both mice and humans (53, 54).
However, unlike antibody responses, a relative hierarachy for
T cell antigens/epitopes has not been established. To address
this, Kolata et al. treated PBMCs from healthy adults with
conserved extracellular proteins of S. aureus that elicit an
antibody response in most individuals, including the lipase Geh,
the phosphodiesterase GlpQ, the phospholipase Plc, and Hla.
They observed that the strongest responses were specific for Hla
and they found high frequencies of Hla-specific proliferating T
cells, compared with the other proteins tested (55). Since Hla also
elicits ImD antibody responses, this may suggest that the same
antigens drive ImD antibody and T cell responses. However, it
is likely that different epitopes within each antigen separately
drive antibody and T cell responses. In the future, functional
studies should be complemented by in silico approaches that
use structure-based algorithms to predict ImD T cell epitopes
(49, 56).

Protective vs. ImD Responses

Since individuals are exposed to S. aureus quickly after birth, it
is conceivable that immunological memory develops primarily
against non-protective ImD antigens. In this scenario, pre-
existing memory against non-protective ImD antigens may
inhibit vaccination later in life. This is reminiscent of Francis’s
theory of Original Antigenic Sin (OAS) (57, 58). In OAS,
sequential exposure to antigen variants induces a preferential
antibody response to an antigen encountered in the past.
Consequently, the immune response to the current antigen is
weaker (59). However, there remains no compelling evidence that
OAS mechanisms are operant in S. aureus-specific immunity.
Another model of immune imprinting that describes how
ongoing exposure to pathogens may reinforce immune responses
against ImD antigens is called “antigenic seniority.” In contrast
to OAS, in which patterned immune responses are assumed to
be disadvantageous, antigenic seniority describes a process in
which early life exposures “build the framework for a hierarchy
of immune responses” (40). In this context, ImD responses
that are elicited early in life are thought to have a “senior” or
privileged position, but subsequent exposures, while boosting
these responses, may also produce responses against other SbD
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antigens. There is some evidence for these mechanisms in
the development of S. aureus-specific immunity. For example,
Pelzek et al. demonstrated that adults with S. aureus SSTI
infection have a diverse set of antigen-specific memory B cells,
and these memory B cells correlate well with antigen-specific
antibody levels (47). However, much of the antibody response
was directed toward cross-reactive antibodies that recognized
multiple leukotoxins. Importantly, despite the presence of
memory B cells, they did not observe significant increases
in antigen-reactive antibody-secreting plasmablasts and plasma
cells during infection. Similarly, they found increased memory B
cell frequencies only for certain antigens.

Together, these findings suggest a clonal response focused
on a limited number of cross-reactive epitopes and provide
evidence for a patterned B cell response that limits the diversity
of the immune response. A potentially similar mechanism
was elucidated by Pauli et al. They found that staphylococcal
protein A (SpA) polarized plasmablast responses away from other
antigens, suggesting that SpA acts as an ImD antigen in limiting
responses against other, potentially protective, antigens (60). Pre-
existing natural antibodies may also “mask” protective but SbD
epitopes (40), thereby precluding the ability of exposure to these
antigens to elicit protective responses. This may be of particular
relevance given the broad range of antigen-specific antibodies
observed in individuals with S. aureus infection (48). While we
do not yet know whether similar mechanisms might inhibit the
diversity of T cell responses during S. aureus infection, it is
of interest that similar mechanisms have been a challenge for
influenza vaccination, in which past exposure may shape the
immune system such that vaccination may reinforce responses
to epitopes from past exposures, rather than those targeted by
the current vaccine (61). We hypothesize that natural immune
responses directed against non-protective staphylococcal ImD
antigens result in a phenomenon similar to these models. If this
is the case, natural exposure to S. aureus may pattern a non-
protective memory response over a lifetime, which is not able
to prevent re-infection and may even interfere with subsequent
vaccine attempts later in life. However, much work needs to
be done to test this hypothesis. For example, identification of
antibody and T cell responses that predict protection against
S. aureus infection must be prioritized in order to move forward
(4). In the context of vaccines, mechanistic studies that use “pre-
exposed” rather than naive mice would prove informative and
may better simulate vaccination of a human population.

Role of MHC Haplotypes

There is considerable heterogeneity of HLA (Human Leukocyte
Antigen) /MHC haplotypes in the human population, and
certain haplotypes have been associated with susceptibility to
a number of infections. For example, associations between
specific HLA Class II polymorphisms and susceptibility to HIV
infection, hepatitis, leprosy, tuberculosis, malaria, leishmaniasis,
and schistosomiasis have been reported (62). Consistent with
this notion, there is an association between HLA Class II
gene polymorphisms and susceptibility to S. aureus infection in
white and African-American populations (63, 64). Mouse models
have uncovered one possible mechanistic explanation for these
observations. BALB/c mice are protected against secondary SST1I,

but C57BL/6 mice are not (50). These divergent phenotypes were
explained by the different MHC class II haplotypes in the mouse
strains: BALB/c mice express MHC H-2¢ and C57BL/6 express
H-2® (50). In this model, antibody responses against Hla and
Th17 responses against LukE and LukS-PV were observed only in
mice that express MHC H-2¢. Moreover, concomitant infection
inhibited vaccine efficacy in C57BL/6 mice, but not BALB/c mice.
The mechanism of this inhibition was due to strong binding of
protective epitopes to MHC H-24, but not H-2® (50). Based on
these findings, a model emerges of competition between different
staphylococcal antigens for binding to MHC proteins, and ImD
antigens are more successful in this competition. However, non-
protective ImD antigens can “outcompete” protective antigens,
depending on the host genetic background (50). Fortunately,
vaccination of naive mice expressing either H-2¢ or H-2" was
effective. However, these findings have not been translated to
human infection.

NONSPECIFIC T CELL ACTIVATION:
S. aureus SUPERANTIGENS

Another mechanism by which S. aureus can inhibit protective
T cell responses is by expression of superantigens. More than
20 superantigens have been identified in different strains of
S. aureus. Approximately 80% of S. aureus isolates from infected
patients harbor at least one superantigen, although most isolates
express more than one (65). Staphylococcal superantigens are
classified as Enterotoxins (ETs), Enterotoxin like proteins (ETls),
Toxic Shock Syndrome Toxin—1 (TSST-1) and staphylococcal
superantigen-like proteins (SSL) (66). Conventional T cell
responses are mediated by the interaction of antigens with
hypervariable regions of the af T cell receptor (TCR). As such,
conventional antigens can stimulate ~0.01% of naive T cells
due to the diversity of CDR3 (Complementarity-determining
region 3) in T cell receptors. In contrast, superantigens do not
bind to CDR3, but instead bind T cells via a TCR B-chain
variable domain (VB)-dependent mechanism (65) Because there
are limited numbers of functional VP regions (around 50) in
humans, superantigens can activate many T cells with different
TCR (65, 67). Furthermore, superantigens can activate T cells
much more strongly than conventional antigens and they are
able to activate up to 30% of the T cell pool in picogram
concentrations (67).

The consequences of superantigen expression on development
of adaptive immunity remain to be fully elucidated.
Staphylococcal superantigens are unique in that they activate T
cell responses to evade host immunity (68). One mechanism by
which superantigens impair cellular memory is by interfering
with signaling through the TCR and induction of clonal tolerance
(anergy) (69). For example, following stimulation of PBMCs
by staphylococcal Enterotoxin C1, CD25" FoxP3™ regulatory
T cells proliferated and secreted the immunosuppressive
cytokine IL-10 (70). Because responses against staphylococcal
superantigens are highly immunodominant, there has been
considerable interest in pursuing a superantigen vaccine
(71-73). Unfortunately, none has yet proven effective in
clinical studies.
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EXPANSION OF NAIVE TO MEMORY AND
EFFECTOR T CELLS IN S. aureus
INFECTION

Overview

T cells circulate in blood, lymph vessels, and secondary and
peripheral lymphoid tissues. Once mature naive T cells migrate
from the thymus to secondary lymphoid organs (lymph nodes,
spleen or MALT (Mucosa-associated lymphoid tissues), the
interaction between peptide-loaded MHC on the surface of
APCs and a cognate TCR results in activation and subsequent
differentiation to effecter or memory cells (74, 75). There are
various subsets of T cells with different functions in host
immunity whose differentiation from naive T cells depends upon
distinct cues (e.g., different cytokines, MHC Class II-peptide
complex, and costimulatory signals). Naive CD4" T cells can
differentiate into several subsets, including Th1, Th2, Th9, Th17,
Th22, Treg and Tfh. The classical distinction among these subsets
is simplified and many of these cells may have characteristics of
one or more subsets and they also may retain plasticity (76). For
example, following presentation of their cognate epitope, naive
CD4™ T cells differentiate to Th1 cells following stimulation with
IL-12 and IFNYy, to Th2 cells following stimulation by IL-4 and
IL-2, or to Th17 cells in the presence of TGF-B and IL-6 (77).
Depending on the tissue and the specific stimulus, activated T
cells may return to the bloodstream and migrate to the sites of
infection or inflammation in peripheral tissues (78).

Importance of T Lymphocytes in Defense

Against S. aureus

There is accumulated evidence that T cells response are critical
for defense against S. aureus infection in humans and in
experimental models. The importance of T cell subsets in defense
against S. aureus has been the subject of several outstanding
reviews, and will only be briefly discussed here (79, 80). For
example, it is well-established that Th17 cells are important
in defense against extracellular bacteria (such as S. aureus)
via the production of a number of cytokines, resulting in
neutrophil activation and recruitment to the site of infection (81).
Individuals with hyper immunoglobulin E syndrome, classically
caused by mutations in the DNA-binding domain of STATS3,
have defects in pathways that result in Th17 cell differentiation
and are highly susceptible to recurrent mucocutaneous S. aureus
infections (82, 83). Individuals with poorly controlled HIV with
low CD4" counts are also susceptible to S. aureus infection
(84). These studies are complemented by a number of animals
studies demonstrating the importance of Th17/IL-17A mediated
immunity (85-87). The role of Thl-mediated immunity is less
clear, as several studies have demonstrated a protective role
for this subset in mouse models, but several groups have also
reported that Th1-mediated responses may also inhibit protective
immunity (53, 88, 89). A role for Th2 responses has been
established in allergic diseases mediated by S. aureus (90). While
Th22 responses may complement Th17-mediated protection at
the mucocutaneous interface (91), the role of this subset is less
well-defined. y8 T cells, which display neither CD4 nor CD8

markers on their surface, are a major source of IL-17 production
in mouse models (92), but may be more polarized toward IFNy
secretion in humans (93).

S. aureus Toxins Kill T Cells

As alluded to earlier, a number of staphylococcal toxins are able
to directly kill T cells. For example, Alonzo et al. showed that
LukE binds to CCR5 on the surface of CD4™ T cells, resulting
in oligomerization of LukE and LukD (94). This subsequently
results in killing of CCR5™ T cells. In support of the importance
of this process, CCR5-deficient mice are strongly protected from
lethal S. aureus infection. Incubation of peripheral lymphocytes
with LukED resulted in CCR5™ T cell depletion, most of which
were effector memory T cells. Of note, CCR5 is expressed on both
Thl and Th17 subsets, suggesting a potential evasion strategy
by which S. aureus directly kills IL-17 and IFN-y-producing T
cells. Similarly, Hla induces programmed cell death of human T
cells during USA300 infection (95). In a mouse model, expression
of Hla during primary infection results in abrogated memory T
cell responses, at least in part due to direct toxicity on T cells
(35). In comparison with wild-type S. aureus, infection with a
Hla deletion mutant resulted in greater expansion of antigen-
specific memory T cells. Interestingly, maternal immunization
with Hla resulted in enhanced development of memory T
cells in pups following post-natal infection, supporting the idea
that early exposure to Hla interferes with the development of
immunological memory (35). Bonifacius et al. have recently
reported that Hla induced direct death of Thl-polarized cells,
while Th17 cells were relatively resistant. They demonstrated
that toxicity is independent of the Hla-ADAMI0 interaction
and is not due to differential activation of caspases. Instead,
they suggested an increased susceptibility of Thl cells toward
Ca2*t-mediated activation-induced cell death (96).

Other Mechanisms by Which S. aureus
Suppresses T Cells

Leech et al. demonstrated that Hla limits the expansion of
tolerigenic Tregs (97). They showed that the number of Tregs
in neonatal mice colonized with S. aureus is relatively low
upon cutaneous re-exposure as adults and that colonization
with an Hla mutant resulted in recovery of pathogen-specific
Tregs. Interestingly, topical application of recombinant Hla
during S. epidermidis colonization resulted in a lower percentage
of S. epidermidis-specific Tregs, but whether this is due to
direct toxicity toward Tregs remains to be determined. Other
staphylococcal virulence factors also suppress T cell responses.
For example, staphylococcal cell wall components such as
lipoteichoic acid or O-acetylation of peptidoglycan suppressed T
cell proliferation and polarization of Th cells to Thl and Th17
(98, 99). Staphylococcal enterotoxin A (SEA) upregulated anergy-
related genes in CD4™" T cells isolated from Atopic Dermitidis
patients (100). S. aureus may also suppress T cell responses by
eliciting the expansion of other suppressive immune cells. For
example, S. aureus infection in mice resulted in expansion of
granulocytic and monocytic Myeloid-Derived Suppressor Cells
(MDSCs) (101). This expansion was accompanied by suppression
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of T cell responses. Taken together, these findings demonstrate
that S. aureus is able to suppress T cells via multiple mechanisms.

CHALLENGES IN CREATING A
PROTECTIVE VACCINE

Overview

The enormous burden of S. aureus infections and emerging
antimicrobial resistance makes a vaccine to prevent these
infections a worthy goal (102). Despite a lack of understanding
of naturally-acquired immunity against S. aureus, several
large vaccine tials have targeted adults populations with a
high incidence of S. aureus infection (6). Unfortunately,
despite promising protection in pre-clinical models, none that
advanced to clinical trial has proven effective against human
infection (103). Examples include the capsular proteins CP5/CP8
(StaphVAX, Nabi) in patients undergoing hemodialysis, the iron
scavenger protein IsdB (V710, Merck) in patients underoing
cardiac surgery, and a combination of capsular proteins,
clumping factor A (CIfA), and a manganese transporter (MntC)
in patients undergoing orthopedic surgery (SA4Ag, Pfizer) (104-
106). In each case, vaccination failed to prevent infection despite
high levels of elicited antibody in vaccine recipients. There are
several possibilities to explain these failures, including high levels
of pre-existing immunity among vaccine recipients, the antigens
and preclinical models selected for evaluation, the exclusion of
vaccine adjuvants, a lack of identified correlates of immunity, and
the chosen target populations for vaccination.

Antigen Selection and Preclinical Models

We believe that antigenic seniority may be an obstacle toward
developing a successful vaccine against S. aureus infection.
Because early life exposure by S. aureus so strongly influences
the developing immune system, it is probable that this exposure
not only prevents protective immunity, but may also inhibit
subsequent vaccine efforts in older individuals (20, 61). If,
as in influenza, antigenic seniority is a phenomenon that
primarily impacts antibody responses, one approach to enhance
vaccine efficacy may be to target T cell responses, rather than
antibody responses. This would have the additional benefit of
targeting responses that are likely to be more important in
human infection. For example, candidate antigens that induce
protective Th17 immunity may both enhance efficacy and
overcome patterned antibody responses (107). In this context,
toxins would be attractive candidate antigens, because they
interfere with nearly every step of the host adaptive immune
responses. However, the high “natural” levels of toxin-specific
antibodies, many of which are cross-reactive, suggests that it
will be necessary to identify protective SbD epitopes that can
be used to elicit protective responses. An approach to overcome
epitope masking by naturally elicited antibodies would be the
design of epitope-focused vaccines that target protective but
SbD epitopes (108). In order to increase the likelihood of the
success of these approaches, pre-clinical studies should focus on
attempting to vaccinate animals that have already been exposed
to S. aureus, rather than reliance on naive animals. The genetic
background of experimental animals should also be considered
here, since different mouse strains respond differently to S. aureus

infection. Finally, because of the documented differences between
S. aureus infection in mice and humans (109) and the wide-range
of virulence factors that drive different infectious syndromes
(110), candidate vaccines should be tested against multiple types
of S. aureus infection, and alternative models such as rabbits
and non-human primates should be considered to complement
mouse studies.

Adjuvants

Novel adjuvants that stimulate certain T cell responses may also
help to overwrite patterned immunity. For example, Bagnoli et al.
used a novel TLR7-dependent adjuvant to induce strong and
broad protection against S. aureus with a multivalent vaccine
including Hla, EsxA, EsxB, and the surface proteins ferric
hydroxamate uptake D2 (FhuD2) and conserved staphylococcal
antigen 1A (CsalA). Importantly, they demonstrated superior
protection with the TLR7 adjuvant, compared with alum (111).
Monaci et al. also used MF59, an oil-in-water emulsion licensed
in human vaccines, with 4C-Staph (FhuD2, Csal A, a-Hemolysin,
EsxA, and EsxB) induced stronger antigen-specific IgG titers and
CD4™ T-cell responses compairing with alum (112). The use of
novel adjuvants, perhaps in combination with epitope-focused
approaches, may also improve our ability to generate antibody
and T cell responses against SbD protective antigens. Given the
emergence of novel adjuvants and vaccine formulations, more
work is needed in this area.

Correlates of Protection

As mentioned above, a major challenge in the development of
staphylococcal vaccines is that there is a dearth of identified
correlates of protection. One such example is antibody levels
against Hla, which correlate with protection against recurrent
infection in children (4). However, despite high anti-Hla
antibody levels in children, there is some evidence that children
have lower levels of neutralizing antibody. Future work should
focus on identifying both serologic and cellular correlates of
protection. This would enable secondary targets of vaccine
efficacy, which might be particularly important in vaccinating
against a relatively rare infection. Perhaps more importantly,
identification of correlates of immunity will provide important
mechanistic insight that can provide the foundation for future
vaccine efforts. One possibility would be to determine whether
S. aureus-specific Th17 or memory T cells can be a suitable
biomarker to predict human protection against infection (113).

Target Population

Finally, there has been much debate about the ideal target
population (and infectious syndrome) for a S. aureus vaccine. As
discussed, previous approaches have focused on populations with
a high incidence of infection. However, given the high burden of
S. aureus infection in children (114), we believe that a successful
vaccine should be implemented on the population level and
administered during childhood. This will have several benefits.
First, this approach would leverage the childhood vaccine
infrastructure and prevent infections in vulnerable populations
that would not otherwise be protected. Second, if patterned
immune responses prevent vaccine efficacy, vaccination prior
to the onset of these responses would be anticipated to be
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more effective. However, this approach would require very
large studies of vaccine efficacy. A corollary to this approach
would be maternal vaccination. The exciting findings that
vaccination of pregnant mice resulted in the protection of
offspring provide pre-clinical rationale for this approach (35).
However, it is appreciated that S. aureus is a commensal, and
therefore bacterial eradication may not be possible. Future
work should focus on how vaccines may prevent common
infectious syndromes (e.g., skin infections) and their impact
on asymptomatic colonization. It is anticipated that pragmatic
application of detailed mechanistic insight will be necessary to
drive the field forward.

CONCLUSION

Understanding the mechanisms by which S. aureus evades
immunological memory is critical to design a protective vaccine.
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Staphylococcus aureus is a leading cause of significant morbidity and mortality and an
enormous economic burden to public health worldwide. Infections caused by methicillin-
resistant S. aureus (MRSA) pose a major threat as MRSA strains are becoming
increasingly prevalent and multi-drug resistant. To this date, vaccines targeting surface-
bound antigens demonstrated promising results in preclinical testing but have failed in
clinical trials. S. aureus pathogenesis is in large part driven by immune destructive and
immune modulating toxins and thus represent promising vaccine targets. Hence, the
objective of this study was to evaluate the safety and immunogenicity of a staphylococcal
4-component vaccine targeting secreted bi-component pore-forming toxins (BCPFTs)
and superantigens (SAgs) in non-human primates (NHPs). The 4-component vaccine
proved to be safe, even when repeated vaccinations were given at a dose that is 5 to 10-
fold higher than the proposed human dose. Vaccinated rhesus macaques did not exhibit
clinical signs, weight loss, or changes in hematology or serum chemistry parameters
related to the administration of the vaccine. No acute, vaccine-related elevation of serum
cytokine levels was observed after vaccine administration, confirming the toxoid
components lacked superantigenicity. Immunized animals demonstrated high level of
toxin-specific total and neutralizing antibodies toward target antigens of the 4-component
vaccine as well as cross-neutralizing activity toward staphylococcal BCPFTs and SAgs
that are not direct targets of the vaccine. Cross-neutralization was also observed toward
the heterologous streptococcal pyogenic exotoxin B. Ex vivo stimulation of PBMCs with
individual vaccine components demonstrated an overall increase in several T cell
cytokines measured in supernatants. Immunophenotyping of CD4 T cells ex vivo
showed an increase in Ag-specific polyfunctional CD4 T cells in response to antigen
stimulation. Taken together, we demonstrate that the 4-component vaccine is well-
tolerated and immunogenic in NHPs generating both humoral and cellular immune
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responses. Targeting secreted toxin antigens could be the next-generation vaccine
approach for staphylococcal vaccines if also proven to provide efficacy in humans.

Keywords: safety, immunogenicity, multi-component, toxoid, staphylococcal, neutralizing antibodies, CD4 T

cells response

INTRODUCTION

Staphylococcus aureus (SA) is a gram-positive bacterial pathogen
that is a leading cause of hospital and community-associated
infections worldwide (1, 2). Currently, there is no vaccine or
therapeutic developed against SA infections, and treatment is
limited to antibiotics, which are not always successful due to the
rise of antibiotic resistant strains of SA (3). Multiple vaccines and
therapeutic candidates have been assessed for prevention of S.
aureus infections. To date, all have targeted cell surface antigens,
facilitated opsonophagocytosis and have functioned well in
murine models, but either lacked efficacy or resulted in
increased mortality in human clinical trials (4, 5). Recent studies
have indicated that vaccination with a lethally irradiated USA300
whole cell preparation or with cell surface antigens enhances SA
disease while vaccination with toxoids provided protection (6, 7).
A different and novel approach hence would be to generate
neutralizing antibodies to toxins secreted by SA, thus providing
clinical protection versus sterile immunity. Toxins are among the
key virulence factors that define SA, and typically act by damaging
biological membranes leading to cell death or by interfering with
receptor functions (8). SA toxins may be classified into three major
groups - the pore-forming toxins (PFTs) (o-hemolysin, B-
hemolysin, leukotoxins and phenol-soluble modulins (PSMs),
exfoliative toxins (ETs) and family of superantigens (SAgs) (9).
We have developed a four-component vaccine that consists of
toxoids previously described in literature and that targets alpha-
hemolysin, leukocidins, and superantigen toxins produced by S.
aureus. Briefly, mutant forms of both Panton Valentine
Leukocidin (PVL) subunits, LukS, 0 (LukStagr/kora/s2004) and
LukF .1 (LukFgj9,a), were identified as potential vaccine
candidates and shown to confer protection in a mouse
bacteremia model (10). We also designed an attenuated full-
length Hla molecule Hlayss1/1q451, containing mutations in two
histidine residues, H35 and H48 known to be critical for Hla
oligomerization and showed it to be immunogenic as well as
efficacious in a rabbit pneumonia model when immunized in
combination with LukS, o and LukF,,,; (11). Further, in order
to develop a vaccine component against superantigens, we
engineered a single fusion protein TBA,,s consisting of toxoid
versions of TSST-1, SEB, and SEA and demonstrated its
immunogenicity and protective efficacy in a mouse model of
toxic shock (12). A fifth component LukAB,,50 that completes
IBT-V02 was still under development during the time of the NHP
safety study and hence not included.

In comparison to mice which are the typical animal model
used to study SA vaccines due to their easy availability, non-
human primates are more susceptible than mice to a majority of
human-adapted pathogens. They are closest to humans in terms
of anatomy and immune responses and highly sensitive to

staphylococcal toxins such as superantigens and Hla and hence
remain an important disease model for translating the discovery
of treatments and vaccines into potential clinical outcomes (13-
16). Hence, in the present study, we chose NHPs as the model of
choice for our vaccine safety and immunogenicity study
described in this article. We demonstrate that a 4-component
vaccine is safe and immunogenic in NHPs, and that it elicits
neutralizing and cross-neutralizing antibodies to several SA
toxins as well as an antigen-specific CD4 T cell response of a
Th1/Th17 phenotype.

MATERIALS AND METHODS

Vaccine

The production and characterization of the individual
components of the 4-component vaccine has been reported
previously (10-12).

Animals and Immunizations
Four male and four female Rhesus Macaques of Chinese origin
were purchased from Covance Research Products Inc. (Alice,
TX) and were housed in the testing facilities of Battelle, West
Jefferson, OH. Animals ranged from 41-44 months of age with
body weights ranging from 3.9 to 4.7 kg in weight for males and
4.2 to 4.5 kg for females on Day 0.

Prior to each dose administration, study animals were sedated
by administering an intramuscular (IM) injection of ketamine (10
mg/kg). The fur was clipped from around all injection areas and
the injection area was wiped with isopropyl alcohol, prior to dose
administration. An IM injection of Alhydrogel (Al(OH)s) alone or
4-component vaccine of 400 pg (100 pg/component) formulated
in 1,600 pg Al(OH); was administered in the thigh musculature
on Days 0, and followed by three booster immunizations on days
21, 42, and 182. The injection site was marked with indelible ink
for observation of the dose administration sites (Days 0, 21, and
42 only).

Blood Specimen Collection

Blood specimens were collected on days -21, 0 (prime), 1, 21
(1* booster), 42 (2™ booster), and 63 and used for clinical
pathology (hematology and serum chemistry parameters), and
serology endpoints. Blood specimens collected at different
timepoints related to study start were used to isolate PBMCs
for flow cytometry.

Hematology
The following hematology parameters were evaluated using the
Advia 120 Hematology Analyzer: Absolute reticulocyte count,
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cell morphology, erythrocyte count (RBC), hematocrit (HCT),
hemoglobulin (HGB), mean corpuscular hemoglobulin (MCH),
mean corpuscular hemoglobulin concentration (MCHC), mean
corpuscular volume (MCV), mean platelet volume (MPV), total
leukocyte count (WBC), differential leukocyte count: neutrophils
(NEUT), lymphocytes (LYMPH), monocytes (MONO),
basophils (BASO), eosinophils (EOS), and large unstained
cells (LUC).

Serum Chemistry

Following serum chemistry parameters were evaluated
using a Roche COBAS c¢501 Chemistry Analyzer: Alanine
aminotransferase (ALT), Albumin, Albumin/Globulin (A/G)
ratio, Alkaline phosphatase (ALP), Aspartate aminotransferase
(AST), Bilirubin (direct), Bilirubin (total), Blood urea nitrogen
(BUN), C-reactive protein, Calcium, Cholesterol, Chloride,
Creatine kinase (CK), Creatinine, Gamma glutamyltransferase
(GGT), Globulin, Glucose, Lactate dehydrogenase, Phosphorus,
Potassium, Sodium, Protein (total), and Triglycerides (TRIG).

Serum Cytokines

Serum cytokines were detected using Meso Scale Diagnostics
(MSD) NHP biomarker multiplex assay kits. Samples or
prepared calibrator standards provided in the kit were diluted
along with reagent diluent in a provided MSD 96-well 10-Spot
plate and incubated at room temperature with shaking for 1 h.
The plates were then washed thrice with 1X Wash buffer
followed by incubation with detection antibody solution at
room temperature with shaking for 1 h. The plates were
washed again with 1X Wash buffer followed by addition of 2X
Read buffer T to each well. Then the plates were analyzed on an
MSD instrument. The instrument measures the intensity of
emitted light (which is proportional to the amount of analyte
present in the sample) and provides a quantitative measure of
each analyte in the sample. Data was analyzed with GraphPad
PRISM v8.3.1.

PBMC Isolation and Flow Cytometry

Blood for flow cytometry was obtained from NHPs at different
timepoints related to study start. Aliquots were collected for
serum separation prior to isolation of peripheral blood
mononuclear cells (PBMCs). PBMC specimens were washed,
counted using Guava PCA, and cryopreserved in CryoStor at a
concentration of 1 x 107 viable cells/ml. The resulting cell
suspension was then divided equally into aliquots =21 ml and
<2 ml and placed into a chilled cryofreezing container.
Cryopreserved cells were thawed, washed and rested in X-Vivo
15 media + 10% FCS for 16 h. Cells were then incubated for 6 h at
37°C and 5% CO, in X-Vivo 15 media supplemented with 10%
FCS and Brefeldin A, and Monensin along with 400 pg/ml of 4-
component vaccine (100 pg/ml of each Hlay;sy /g1, LukSpueo,
LukF 1, and TBA,,s), 1lug/ml SEB, or left unstimulated. Cells
were stained with following fluorochrome-labelled antibodies:
IFNy (B27), CD4 (SK3), CD28 (CD28.2), CD8 (SK1), GM-CSF
(BVD2-21C11), CD40L (24-31), IL-2 (MQ1-17H12), CD95
(DX2), CD3 (SP34-2), TNF (MABI11), CD153 (116614), IL-
17A (ebio64DEC17), IL-21 (3A3-N2) and fixable dye eFluor

780 purchased from BD Biosciences (San Jose, CA), Biolegend
(San Diego, CA), R&D Systems (Minneapolis, MN), Thermo
Fisher/ebio. All samples were acquired on a BD Symphony A5
flow cytometer and analyzed using Flow]Jo software (Version 10,
Tree Star). Statistical analysis was performed using non-
parameteric t-test. GraphPad Prism 8.4.3.

Ex Vivo Cytokine Release

Isolated PBMCs were stimulated either with 100 pg/ml of each
individual vaccine component or were left unstimulated at 37°C
and 5% CO, in X-Vivo 15 media supplemented with 10% FCS.
Supernatants were collected 24 h post stimulation and cytokines
were assessed on a Luminex 200 using the NHP Th cytokine 14-
plex ProcartaPlex Panel (ThermoFisher) according to the
manufacturer’s guidelines. Statistical analysis was performed
using 2-way ANOVA, with Dunnett’s multiple comparisons
test. GraphPad Prism 8.4.3.

Serology

Serum IgG Titers

Serology ELISAs were performed as described previously. Briefly,
96-well plates were coated with 300 ng/well of wild type (WT)
proteins Hla, LukS, LukF, LukD, LukE, HlgA, HlgB, or HlgC or
100 ng/well of WT SEA, SEB, SEC1-3, SED, SEE, SHE, SEI, SEJ,
TSST-1, or SpeB overnight at 4°C. Plates were washed and
blocked with Starting Block (Thermo Fisher) for 1 h at room
temperature (RT) followed by three washes. Plates were incubated
for 1 h at RT with the test serum samples (diluted semi-log) and
washed three times before applying goat anti-monkey IgG
(H&L)-HRP (Horse Radish Peroxidase) at 0.1 pg/ml in starting
block buffer. Plates were incubated for 1 h at RT, washed, and
incubated with TMB (3,3’,5,5'-tetramethylbenzidine) to detect
HRP activity for 30 min. 50 pl of stop solution (2N H,SO,) was
added to all the wells. Optical density at 450nm was measured
using a Versamax plate reader (Molecular Devices, CA). Data
analysis for full dilution curves was performed using the
SoftmaxPro software version 5.4.5 (Molecular Devices, CA) and
NDs, values extrapolated.

Toxin Neutralizing Antibody Titers

Hla Toxin Neutralization Assay (TNA)

Rabbit blood was purchased from Colorado Serum Co. and used
within 10 days of the date of blood drawn. The assay was
performed as described previously (17). Briefly, whole blood
was washed twice with PBS and re-suspended in PBS. In brief,
4% rabbit red blood cells (RBCs) were co-cultured with wild-type
Hla = serially diluted serum samples. Cells were centrifuged after
30 min and absorbance of supernatants determined at ODy;¢nm.

PVL, HIgAB/CB, and LukED TNA

Leukocidin activity was determined based on cytotoxicity in
dimethyl sulfoxide (DMSO) induced HL-60 cells (ATCC,
Manassas, VA). The HL-60 cells were cultured for seven days
in RPMI media supplemented with 10% fetal bovine serum (FBS)
and 1.5% DMSO for optimal induction. Cell induction was
confirmed by the expression of CD11b on induced versus non-
induced cells using flow cytometry analysis. The cells were then
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harvested and washed with RPMI media containing 2% FBS.
Serially two-fold diluted monkey serum pre-mixed with toxins
PVL (4.16 nM), HlgCB (8.3 nM), HIgAB (20 nM), or LukED (80
nM) were then mixed with HL-60 derived neutrophils at a final
density of 5 x 10° cells/well, then incubated for 3 h at 37°C and
5% CQO,. Cells alone and toxin alone were included as controls.
Upon cell-supernatant incubation, this mixture was further
incubated with 100 pg/ml of XTT with 1% electron coupling
solution (Cell signaling) for 16 h and the cell viability was
measured by colorimetric measurement at ODg;onm
(background subtracted at ODggonm).

Superantigen TNA

Commercially-sourced human peripheral blood mononuclear cells
(PBMCs) were collected and isolated, using the Advarra
Institutional Review Board (https://www.advarra.com/) with a
peer-approved protocol, from heparinized blood of non-study
de-identified healthy human donors by Ficoll gradient
centrifugation as described elsewhere (18) and stored in liquid
nitrogen until further use. All studies involving human samples
were performed in accordance with the applicable guidelines and
regulations. PBMCs were thawed, washed and resuspended in
assay media to a density of 2x10° viable cells/ml. 75 ul of this
cell suspension with a viability of >95% was then added to a 96-well
plate containing 75 pl of antibody/toxin pre-mixed at 1:1 as follows:
semi-log dilutions of sera starting at 1:40 and a 0.1 ng/ml
preparation of SEB, 1 ng/ml of either SEA, TSST-1, SEC-1, SEC-
2, SEC-3, 3 ng/ml of SED, SEE, or SEH, 10 ng/ml of SEJ, and 30
ng/ml of SEI or SpeB. Wells containing medium with toxin only
served as positive controls. The plates were incubated at 37°C in an
atmosphere of 5% CO,-95% air for 48 h. Plates were centrifuged at
1,500 rpm for 10 min, culture supernatants harvested and IFNy
concentration (pg/ml) as a readout of superantigenicity was
determined by ELISA. Plates were read at 450 nm using the
Versamax plate reader. Data was analyzed using a 4-parameter
(4PL) curve fit in XLFit (Microsoft). Toxin neutralizing activity was
defined as the effective dilution of sera at the inflection point of the
4PL curve at which 50% of toxin activity was neutralized (NDs).

RESULTS

Safety of Multicomponent Toxoid Vaccine

Our primary objective in this study was to assess potential systemic
toxicity and local reactogenicity of a 4-component staphylococcal
toxoid vaccine in rhesus macaques when administered
intramuscularly. Six NHPs (#201, #202, #203, #211, #212, #213)
were immunized with a total of 400 pg of the 4-component vaccine
(100 pg/antigen) in 2,000 pug Aluminum [4,000 pg Alhydrogel® (Al
(OH);)] on days 0, 21 and 42. Two control NHPs (#101 and #111)
were administered 4000pg AI(OH);) alone. As displayed in Figure
1A, monkeys were bled 21 days prior to immunization to collect
sera for baseline values. Additional bleeds were performed on days
1, 21 (prior to 1% booster), 42 (prior to 2" booster) and 63. To
evaluate potential toxicity of the 4-component vaccine the
following primary endpoints were assessed: body weights,
clinical observations, injection area assessment for edema and

boost
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vax

Adjuvant
(Male n=1)
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(Female n=1)
IBT-V02
(Male n=3)
IBT-V02
(Female n=3)
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¢ 0O O O

T T T T T T T T 7T

PPEPNNOAIRPDIR LS
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FIGURE 1 | Study Design and Body weight change. Vaccination (Days 0, 21,
42) and blood collection schedule of NHPs (A). Mean weight of non-human
primates (NHPs) measured at indicated time points relative to study start on
day of 1st vaccination (D0), and on a weekly basis thereafter until day 63 (B).
Data was analyzed with GraphPad PRISM v8.3.1.

erythema following vaccine administration, and clinical pathology
(serum chemistry and hematology).

Body Weights

Body weights were recorded as part of the quarantine period on
days -34, -20, and -6 and continued to be recorded after study
start on day 0 and on a weekly basis thereafter until day 63. Mean
body weights of NHPs immunized with the 4-component
vaccine or Al(OH); alone demonstrated a consistent increase
over time with expected transitional decrease in body weights
following overnight fasting for scheduled study events on days 0,
21, and 42 (Figure 1B).

Clinical Observations

NHPs were monitored twice daily for mortality and moribundity
during the study period. There were no clinical observations that
were considered related to the administration of the vaccine.
Diarrhea, soft feces, emesis and low food consumption were
observed sporadically in animals of both groups and were
transient. There was no mortality during the study period.

Injection Site Observations

Injection sites were observed for erythema and edema prior to
vaccination on days 0, 21, and 42 and at intervals of 1, 6,and 24 h
after each vaccine administration. Injection sites were given
scores for erythema ranging from 0- no redness to 4-severe
redness and scores for edema ranging from 0- no swelling to 4-
severe swelling (Table S1). No vaccine related injection site
reactogenicity was noted. Three out of 8 NHPs (#111, #202,
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#212) had a score of 1- very slight or barely perceptible redness -
for erythema observed at 6 h and 24 h (D1) after dose
administration. However, on day 2 the score went back to 0
and initial redness was considered related to procedure of
administration and not a response to the 4-component vaccine
as the “very slight or barely perceptible redness” of 1.5 mm or less
in size was observed in a control group animal (#111) as well as
in animals (#202 and #212) receiving the vaccine.

Hematology

There were no vaccine-related findings noted in the hematology
data. There were few changes noted in neutrophil counts,
reticulocyte counts, platelet counts, and mean platelet volume
of individual animals. However, due to the overall small
magnitude of changes, the presence of these findings in only
one animal and/or the presence prior to vaccine administration
were considered incidental and related to biological variability
rather than vaccine administration. Group mean hematology
data for male and female NHPs are shown in Figure 2 and
individual hematology data are presented in Table S2.

Clinical Chemistry

There were no vaccine-related findings noted in the serum
chemistry data. All direct bilirubin and occasional total
bilirubin values were below the reportable range. Total and
direct bilirubin values near or below the lower limit of the
reportable range are common in non-human primates. There
were a few notable changes to CRP, LDH, ALP, triglycerides, and
calcium levels. However, some of these findings were present at
day -21 (prior to vaccination) and were considered incidental
and related to biological variability rather than vaccine
administration. Group mean serum chemistry data for male
and female NHPs are presented in Figure 3 and individual
serum chemistry data are presented in Table S3. Taken together,
hematology and serum chemistry parameters were within
baseline biologic parameters previously reported in rhesus
macaques (19, 20).

Serum Cytokines

Superantigens can cause cytokine storm in humans and NHPs.
To confirm the detoxified vaccine component TBA,,5 does not
cause a cytokine storm in NHPs even when administered at a 10-
fold higher dose than the projected human dose, the expression
profile of 13 cytokines (IL-1f, [FNy, TNFa, IL-2, IL-6, IL-12, IL-
10, GM-CSF, IL-17-A, IL-22, IL-4, IL-5, and IL-13) circulating in
serum was evaluated in samples collected prior to immunization
on day 0, and after immunization on days 1 and 63 (Figure 4).
There were no major changes in cytokine levels observed from
DO to D1 (1 day after first vaccination). Minor changes of
increase or decrease in cytokine levels in individual animals
were not vaccine-related and only transient as similar changes
occurred in control animals and were not evident on day 63,
suggesting that observed changes were related to the
inflammatory properties or minor injection site reactogenicity
of Al(OH);. Three NHPs showed slightly elevated levels (<2 pg/
ml) of GM-CSF on D1 but undetectable level on D63. No IL-13
was detectable at any given time point (data not shown). In

summary, there were no acute adverse events induced by the 4-
component vaccine. No sudden elevation in pro-inflammatory
cytokines indicative of a cytokine storm caused by potential
residual toxicity of attenuated superantigenic proteins was
observed, confirming that the TBA,,s component of the 4-
component vaccine is non-toxic as it has been described
previously (12) and well-tolerated in NHPs at a dose that is
10-fold higher than the projected human dose.

Immunogenicity
As a secondary endpoint of our study, we assessed the
immunogenicity of the 4-component vaccine.

IgG Titers of NHP Sera

Serum samples collected prior to first immunization on day 0
(baseline) and 21 days after each immunization on days 21, 42,
and 63 were evaluated by ELISA for toxin specific IgG binding
titers using the vaccine target antigens Hla, LukS-PV, and LukF-
PV, and the superantigenic toxins SEA, SEB, and TSST-1. In
addition to the direct target antigens, serum samples were also
tested for cross-binding properties against closely related bi-
component pore-forming toxin subunits HIgA and HIgC (S
component), HIgB (F component) of gamma hemolysin as well
as LukE (S subunit) and LukD (F subunit) of LukED (21). As
previously reported, NHPs, similar to humans are natural hosts of
S. aureus (22, 23) and thus are highly likely to have pre-existing
serum antibody titers to staphylococcal antigens. Indeed, pre-
vaccination titers toward tested pore forming toxin subunits were
present in all eight monkeys to varying degrees, while titers
toward SEA, SEB, and TSST-1 were either very low or below
the limit of detection (< 1:100 serum dilution) in our assay
(Figure 5A) concurring with previous findings that majority of
S. aureus strains isolated from NHPs are superantigen gene
negative (23). Post vaccination titers were expressed as fold
change over baseline values. IgG titers for PFTs increased after
only one immunization up to 52-fold for Hla, 46-fold for LuksS,
and 23-fold for LukF. With the exception of two monkeys that
showed increase in titers for LukS (#202) and LukF (#203) booster
immunizations did not elevate the titers against target PFTs any
further (Figure 5B). A primary dose of the 4-component vaccine
also increased titers for closely related PFTs HlgA, HlgC, LukE,
and LukD but not HlgB (Figure 5B), but additional booster
immunizations also showed no effect on elevating serum titers
any further. Of note pre-existing titers against HlgB were highest
among the animals. In contrast, while titers after 1°* vaccination
increased for SEA up to 5-fold, for SEB up to 400-fold and for
TSST-1 up to 190-fold from baseline titers on day 21, both
booster immunizations induced further increase of IgG titers
against all three superantigens SEA, SEB, and TSST-1 (Figure
5C). Two monkeys (#211, #212) showed no initial increase of
SEA titers in day 21 samples and the overall low response of the
remaining vaccinated animals to the primary vaccination
suggested the necessity of a booster to induce toxin-specific titers.

Toxin Neutralizing Activity of NHP Sera
Sera were also tested for neutralizing activity against the target
antigens Hla, PVL, SEA, SEB, and TSST-1 of the 4-component
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FIGURE 2 | Hematology. Hematology data of non-human primates (NHPs) measured in serum samples collected on day 21 (D-21) and on day 0 (DO) prior to
vaccination, and on days 1 (D1), 21 (D21), 42 (D42), and 63 (D63) after vaccination. Data was analyzed with GraphPad PRISM v8.3.1.

vaccine as well as for cross-neutralizing activity against the  against HIgAB (#202, #203, #212) and LukED (#202, #211, 212)
heterologous bi-component PFTs HIgAB, HIgCB, and LukED.  pre-vaccination sera from all animals showed neutralizing
No pre-existing neutralizing titers were detected against SEA,  activity toward all tested PFTs (Figure 6A). Neutralizing titers
SEB, and TSST-1 (data not shown). With the exception of three ~ toward Hla and PVL increased after primary vaccination but
out of eight monkeys that had no detectable neutralizing titers ~ showed no further enhancement with booster vaccinations
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(Figure 6B). A single immunization with the 4-component
vaccine induced maximal cross-neutralizing titers against
heterologous PFTs (10-500 fold over background). However, a
second vaccination only enhanced the cross neutralization to
HIgAB (Figure 6B), where the highest fold change occurred in
monkeys #202, #203, and #212, in which pre-existing titers were
below detection limit (Figure 6A). In contrast to PFTs,
neutralizing titers against superantigens SEA, SEB, and TSST-1
showed a major increase after two immunizations (titers tested
on day 42 serum samples). While NDsj titers against SEA and
TSST-1 increased with each booster and were highest on day 63,
titers against SEB dropped by day 63 (Figure 6C). Immunization
with the 4-component vaccine also elicited cross-neutralizing
titers toward staphylococcal enterotoxin C (SEC) -1, -2, 3, SED,
SEH, SEI, SEJ, and the heterologous streptococcal pyrogenic
exotoxin B (SpeB) in most animals. No change in SEE titer was
observed (Figure 6D).

Taken together, NHPs had pre-existing serum antibody titers
recognizing staphylococcal antigens that could be enhanced not
only in their binding but also in their neutralizing activity when
immunized with the 4-component vaccine targeting Hla, PVL,

SEA, SEB, and TSST-1. In addition, vaccination also increased
cross-neutralizing activity toward heterologous BCPFTs HIgAB/
CB and LukED, staphylococcal enterotoxins, as well as SpeB.

Antibod‘y and Cellular Inmune Response
After 3" Booster Immunization

PBMCs that were collected during the 63-day time period
(Figure 1A) and stored in liquid nitrogen were lost prior to
use due to a mechanical failure of the storage unit. Study animals
were still residing in the testing facility and were not yet assigned
to another study. Therefore, after a resting period of 105 days all
NHPs were re-enrolled for an extension of the study protocol
allowing us to collect PBMCs for phenotypic and functional
characterization of the cellular immune response toward the 4-
component vaccine. As shown in Figure 7A, all animals
previously assigned to this study protocol were bled 21 days
prior to 3™ booster immunization (corresponding to 168 days
after the prime vaccination) of NHPs #201, #202, #203 (male)
and #211, #212, #213 (female). In parallel the two adjuvant-only
control NHPs (#101 and #111) were also immunized with the 4-
component vaccine to allow characterizing the cellular response
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after a single immunization compared to four immunizations.
PBMCs and plasma from all animals were collected 21 days prior
to and 7, 14, and 28 days after the 3™ booster vaccination.

IgG Titers of NHP Plasma

Plasma of all NHPs still showed IgG titers against the target antigens
and closely related HlgA/B/C and LukE/D antigens prior to the 3™
booster vaccination (Figure S1A), but showed a significant drop of
LukS & F, LukE &D, and SEB and TSST-1 titers when compared to
day 63 titers (Figure S1B). However, seven days following the 3"
booster administration titers once again increased but dropped by
day 28 against most pore-forming toxin antigens (Figure S1C). In
contrast, titers against SEA, SEB and TSST-1 increased but were
relatively stable over 28 days (Figure S1D).

T Cell Response Induced By 4-Component Vaccine

To identify vaccine-generated CD4 T cells PBMCs collected at
different time points were re-stimulated ex vivo with the 4-
component vaccine and after intracellular staining for TNF,
IFNY, IL-2, IL-17A, GM-CSF, and IL-21 were analyzed for the
frequency of total cytokine producing CD4 T cells (Figure S2).
All monkeys demonstrated an anamnestic response measured as

increase in cytokine producing CD4 T cells in vitro toward the 4-
component vaccine when compared to unstimulated controls.
The magnitude of the response did not differ significantly from
the primary (NHPs #101 and 111) to the quaternary immune
response displayed by the animals that received a total of 4
immunizations (NHPs #201, 202, 203, 211, 212, 213). As five out
of eight animals demonstrated a peak response on day 14 post
vaccination CD4 T cells were further characterized for their
functional phenotypes at this time point. Antigen-specific CD4 T
cells were assessed by their expression of the activation marker
CD40L (CD154) as described previously (24). Ex vivo re-
stimulation of PBMCs with the 4-component vaccine (Ag)
elicited an increased frequency of CD40L" CD4 T cells when
compared to non-stimulated (ns) controls in both animals
receiving the vaccine once (Figures 7B, C, #101) or receiving it
four times (Figures 7B, C, #212). While all animals responded to
the antigen ex vivo, the frequency of CD40L" CD4 T cells within
CD3" T cells varied among NHPs from as low as 0.4% (#202) to
7.5% (#213). Next, we compared the cytokine profile of CD4 T
cells generated during primary and during quaternary response
to the vaccine. PBMCs of NHPs that were vaccinated once (#101)
or vaccinated four times (#212) were re-stimulated ex vivo with
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the 4-component vaccine. CD40L" CD4 T cells produced
cytokines characteristic of the Thl (TNF, IFNY, IL-2) and the
Th17 (IL-17A, IL-21) subsets as shown in the example FACS
plots in Figure 7D and summary plots in Figure 7E. Although
GM-CSF was detectable, there was no antigen-specific increase
in GM-CSF producing CD4 T cells.

Cellular Cytokines Induced By 4-Component Vaccine
To complement the functional phenotyping of vaccine generated
CD4 T cells by flow cytometry we stimulated PBMCs with the
individual vaccine components Hlayyssy /i4sr, LukFu0, LukS o,
and TBA,,s for 24 h and performed multiplex assays on the
culture supernatants to quantify a panel of 8 cytokines (TNFa,
IENy, IL-1, IL-6, IL-17, IL-4, IL-5, IL-13). Non-stimulated (ns)
PBMCs were used as controls for baseline levels. The cytokine
profile during primary response was evaluated in NHPs #101 and
#111 two weeks after vaccination (Post-Vaccination) and
compared to Pre-vaccination values. Interestingly, we observed
that PBMCs of NHPs collected prior to vaccination demonstrated
a similar cytokine response to individual vaccine components as
PBMC:s collected after vaccination, with a few exceptions where
cytokines IFNY, IL-6, and IL-17 increased in response to Hla after
vaccination (Figure 8A). The cytokine profile during the
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quaternary response was evaluated in 4x vaccinated NHPs two
weeks after the 3™ booster immunization compared to pre-boost
(3x vaccinated) samples. Pre-boost and post boost cytokine
response to the individual components was similar in pattern
and while each component was able to induce cytokine production
by PBMCs, the most pronounced cytokines were IL-6 followed by
IL-17 and IFNYy (Figure 8B). There was also a significant increase
in IL-17 from three vaccinations to four vaccinations in response
to Hla. Taken together, immunization with the 4-component
vaccine in Alhydrogel generated antigen-specific CD4 T cells of
a Th1/Th17 phenotype.

DISCUSSION

Many attempts over the past two decades to develop an effective
staphylococcal vaccine have either failed or in one case caused
detrimental outcomes upon infection (4, 25). While all these
vaccine candidates targeted surface antigens of S. aureus,
emerging findings on the pathogenesis of S. aureus and clinical
and epidemiological studies point to the importance of
staphylococcal toxins as vaccine targets (26). S. aureus
produces a wide range of cytolytic and superantigenic toxins
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that have largely evolved to target specific human immune
receptors. Therefore, the choice of animal model for evaluation
of safety and efficacy of S. aureus toxoid vaccine candidates is
critically important. For example, the affinity of all SAgs for
human MHC class II molecules, the primary receptor for all
SAgs, is far greater than for the mouse counterparts leading to
poor response of mice to SAgs (27). Here we elected to evaluate
the safety and immunogenicity of a four-component toxoid
vaccine candidate in rhesus macaques, known to be highly
sensitive to SAgs and multiple cytolytic toxins of S. aureus
(14-16). This study shows that the vaccine is safe, well

tolerated, and highly immunogenic inducing neutralizing
antibodies and specific memory T cell responses in macaques.
Facing the increasing emergence of highly virulent, multi-
drug resistant S. aureus strains an effective vaccine is of utmost
importance. In the past two decades intensive research has
focused on the paradigm of targeting surface antigens to
generate opsonizing antibodies that enhance phagocytic uptake
and clearance of the pathogen. This approach while validated by
capsular polysaccharide (CP) vaccines developed against
encapsulated bacteria like Streptococcus pneumoniae,
Hemophilus influenzae type B or Neisseria meningitidis and
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Salmonella typhi (28-32) has not proven clinically successful
against S. aureus (25) suggesting that capsular polysaccharides
might not be the major driver of virulence in S. aureus
pathogenesis. This is supported by the fact that although
clinical S. aureus isolates predominantly express CP type 5 or 8
(CP5, CP8) highly virulent strains like USA300 and USA500 lack
capsule due to mutations in their Cap5 gene (33). Similarly,
attempts to generate opsonizing antibodies against other surface
associated antigens or the use of surface targeted monoclonal
antibodies have not proven to be viable options for this pathogen
(4, 34-37). Our approach of targeting secreted toxin antigens is
encouraged by the compelling evidence that the presence of anti-
toxin antibodies, in particular directed against pore forming
toxins (PFTs) and superantigens (SAgs) strongly correlates
with a protective outcome in a wide range of infections caused
by S. aureus as recently summarized in an excellent review by
Miller et al. (26).

We have previously reported on the development of rationally
designed toxoids specifically targeting cytolytic PFTs and SAgs
with the goal to generate toxin-neutralizing rather than
pathogen-opsonizing serum antibodies (10-12, 17, 38-40).
Alpha hemolysin (Hla) is a widely expressed single component
cytolysin with broad range of lytic activity in rodents, NHPs, and
humans toward immune cells, epithelial cells and keratinocytes,
as well as erythrocytes (41). The bicomponent family of cytolysins
include the closely related PVL, HIgAB, HIgCB, and LukED, as
well as phylogenetically more distant LukAB (42). These toxins
consist of two subunits S and F and primarily target immune cells
of critical importance for defense against S. aureus including
neutrophils, macrophages, monocytes, dendritic cells, as well at T
cells (43). Superantigens constitute a large family including
multiple staphylococcal enterotoxins and TSST-1 (27). SAgs
cross-link the T cell receptor with MHC Class II and activate
up to 30% of T cells, leading to a cytokine and chemokine storm
and massive T-cell proliferation (44). These events can culminate
in Toxic Shock Syndrome (TSS). At non-TSS inducing
concentrations, SAgs impact S. aureus virulence through
induction of a local excessive inflammatory response (45, 46),
drive pathologic Th2 responses during infections (47-50), and
cause T cell anergy (51) and T cell dependent B cell apoptosis
(52), further impairing adaptive immune responses to S. aureus.
Furthermore, SAgs, in particular SEB, can have devastating effects
at miniscule amounts when used as biowarfare agents resulting in
organ failure and death, leading to efforts to develop and use these
toxins as biowarfare agents (53).

The 4-component vaccine candidate presented here is
composed of mutants of the S and F subunits of PVL
(LukS,,ut0 and LukF,,.;) (10) and a double mutant of Hla
(Hlagssp/m4s1) (11). These toxoids are engineered to lack the
ability to oligomerize upon interaction with the plasma
membrane and therefore fully attenuated. Our serological
studies have shown that targeting SEA, SEB, and TSST-1 can
provide a broad neutralizing response providing a rationale for
generation of the fusion toxoid TBA,,5; (12). While we have
previously demonstrated full attenuation of TBA,,s5 in vitro, (12)
it was particularly important to ensure the safety of this toxoid in
a highly sensitive model such as macaques. Vaccinated animals

showed weight gain similar to the controls during the course of
study (Figure 1) and no abnormalities in blood chemistry and
hematology analysis were observed (Figures 2 and 3). Local
reactogenicity observations that were made in three animals were
considered related to administration procedure and not a
response to the vaccine. The “very slight or barely perceptible
redness” at the injection site was observed in both a control
group animal (#111) as well as two vaccine group animals (#202,
#212) and resolved within two days of injection.

Superantigens are of particular concern with respect to
cytokine storm as a result of polyclonal T cell activation (44).
While we had previously demonstrated the lack of
superantigenic activity of TBA,,5 (12)as well as safety of one of
the components of TBA,,s fusion protein (STEBVax) in a
clinical dose escalation phase 1 study (40) in this study we
further examined the acute cytokine response in NHPs
vaccinated with the 4-component vaccine. Twenty-four hours
after vaccination the circulating levels of inflammatory cytokines
were very low to undetectable and, importantly, did not differ
between the vaccinated and control animals, indicating lack of in
vivo superantigenic activity of the vaccine. Given the high
sensitivity of NHPs to SAgs, these data clearly justify
evaluation of the vaccine in humans.

Macaques are sensitive to toxic effects of Hla, with doses of
100 mg/Kg leading to acute toxicity including cytokine
induction, drop in platelet counts, hypotension, and
electrocardiogram abnormalities and even death when treated
with 200 mg/Kg (14). Hla is also known to increase meningeal
permeability in monkeys (54). Hlayssy (single mutant) has been
previously shown to be safe in two phase I clinical trials (55, 56).
Our study further provides formal evidence for the safety of
Hlap;s14sr, (double mutant) in a highly relevant model. In
contrast to Hla and SAgs, macaques are not sensitive to PVL
(57). Thus, a limitation of our study is that it does not address the
safety of the PVL components of the vaccine with respect to any
potential residual activity of these components toward
immune cells.

The 4-component vaccine generated a robust total (IgG) and
neutralizing antibody response toward each individual target
antigen. Serum antibodies not only showed neutralizing activity
toward vaccine targets but also cross-neutralizing activity toward
structurally related staphylococcal antigens within the families of
bicomponent pore forming toxins as well as superantigens, an
important characteristic making this vaccine applicable against a
wide range of S. aureus strains.

NHPs, similar to humans are natural hosts of S. aureus and
have detectable pre-existing serum antibody titers that are
specific for a wide range of staphylococcal antigens (23, 58,
59). As presented, NHPs exhibited pre-existing neutralizing
antibodies for almost all tested antigens and a single
vaccination was sufficient to enhance these neutralizing titers,
suggesting that a single vaccination in humans could also be
sufficient to elicit a robust toxin neutralizing antibody response.
Interestingly, no IgG titers were detected against the three SAgs
SEA, SEB, and TSST-1 in pre-vaccination sera of NHPs, which
could be explained by a recent report showing that a majority of
tested NHP isolates were negative for SAgs (23). Importantly, for
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the majority of tested pore-forming toxins a single dose of the
vaccine was sufficient for achieving the maximal neutralizing
response (Figure 6B). However, for SEA, SEB, and TSST-1 two-
three doses were required. The rapid response indicates that the
vaccine induces anamnestic responses.

While waning of antibody titers over time is not unusual and
in fact expected as the antigen gets cleared it is noteworthy that
we observed a drop in titers after a booster vaccination. However,
the observed decline in titers against pore-forming toxins after
the 2™ booster immunization (Figures 5B, 6B) as well as after
the resting period of 100 days (Figure S1B) was unexpected and
needs to be further investigated. Since the primary goal of this
study was to determine the safety of the vaccine we used a high
vaccination dose to enable observation of any eventual toxicity.
We cannot rule out that the observed phenomenon relates to the
extremely high vaccine dose used in this study. We are currently
investigating the impact of dose and vaccination schedule on the
duration of immunity in NHPs.

Immune defects that pre-dispose humans to S. aureus disease
have helped reveal the pivotal role of CD4 T cells during S.
aureus infections. Patients with autosomal dominant hyper IgE
syndrome due to STAT3 dysfunction resulting in impaired Th17
generation, are prone to develop cutaneous and pulmonary S.
aureus infections (60-62). Similarly, HIV patients with decreased
CD4 T cell counts are at increased risk to develop skin as well as
systemic S. aureus infections (63, 64). In HIV patients the
increased likelihood of skin infections was shown to correlate
with the depletion of Th17 cells during early course of disease
(65), and more recently the increased susceptibility to skin
infections has been also associated with an impaired Thl
response (66). Thl and Th17 cells mediate their effector
functions through the production of their signature cytokines
IFNYyand IL-17, respectively. These cytokines facilitate activation
of macrophages and mobilization and recruitment of neutrophils
(67) to sites of infection and consequently enhance phagocytic
activity and bacterial clearance. The protective role of vaccine-
generated Thl and Th17 subsets and their downstream effects
has also been demonstrated in pre-clinical experimental settings
(68-72), however to date none of the vaccine candidates have
been translated into clinical success. We and others have recently
reported that vaccination with cell surface antigens either
purified or in form of a whole cell vaccine preparation can
enhance pathogenesis of S. aureus disease. While underlying cell-
mediated immune responses are unknown for the former study,
a vaccine generated dominating Th1/IFNYy response was
responsible for the deleterious outcome in the latter (6, 7).
While the importance of vaccine generated adaptive immune
responses toward S. aureus infections has been acknowledged,
the choice of target antigen and the type of generated CD4 T cells
that is not biased heavily toward one or the other lineage deserves
equal attention. Here, we present that immunization with the 4-
component vaccine elicits a well-balanced CD4 T cell response
generating antigen-specific IENY" and IL-17" as well as IL-21"
CD4 T cells. IL-21 is a pleiotropic cytokine that is mainly
produced by T helper cells and is well established to support
the generation and differentiation of B cells into antibody
secreting plasma cells with the help of IL-6 (73-76). Hence, the

presence of IL-21 producing T helper cells is in line with the
specific toxin-neutralizing antibodies generated after
immunization with the 4-component vaccine.

Multiplex analysis of supernatants from antigen-stimulated
PBMCs revealed that each individual component of the 4-
component vaccine efficiently induced cytokine release when
compared to non-stimulated controls. Lower levels of Th2
cytokines IL-4, IL-5, and IL-13 but preferential release of Thl
and Th17 cytokines IFNy and IL-17 measured in culture
supernatants was in accordance with the functional phenotype
of the antigen-specific CD4 T cells assessed by flow cytometry.
The presence of high IL-6 levels in PBMC supernatants induces
IL-21 upregulation in T helper cells which in turn can support
the differentiation of B cells into antibody-secreting plasma cells.
These data support the finding that the 4-component vaccine is
skewing toward a Th1/Th17 and away from a Th2 type response.
This could be an encouraging characteristic in a potential
staphylococcal vaccine with broad application, as some
inflammatory skin diseases like atopic dermatitis (AD) have
been associated with type 2 inflammatory cytokines creating a
milieu that is conducive to bacterial growth. Patients with AD
show increased colonization and infection with S. aureus (77—
79). Staphylococcal superantigens are likely a major factor in the
Th2 type inflammatory response seen in AD and disease severity
correlates with levels of SAg expression levels (80, 81).
Furthermore, SAgs also facilitate the epithelial presentation of
allergens to Th2 cells (82). Adhesion molecules that bind to S.
aureus such as fibronectin and laminin are upregulated as a
result of the Th2 cytokine IL-4 released in the inflammatory
environment of skin promoting disease pathogenesis (83) and
together with IL-13 can hamper Th17 induced anti-microbial
peptides produced by keratinocytes (84). Thus, neutralization of
superantigens by vaccine-generated antibodies and polarization
toward Th1l and Th17 differentiation is expected to change the
immunological environment to unfavorable conditions for
colonization and infection.

Taken together, our study reports on a 4-component vaccine
that is safe and engages both, the humoral arm and the cellular
arm of the immune system, eliciting toxin neutralizing
antibodies and driving a balanced Th1/Th17 immune response,
respectively. While the humoral component can reduce tissue
damage resulting from PFTs and limit non-specific
inflammation resulting from SAgs, the cellular component can
activate downstream mechanisms of the innate immune system
via cytokines like IL-17 and IFNY to enhance phagocytic uptake
and bacterial clearance.

Hence, we believe that targeting secreted toxin antigens could
be the next-generation approach for staphylococcal vaccines if
also proven to provide efficacy in humans.
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