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Type 1 interferons promote Staphylococcus aureus nasal
colonization by inducing phagocyte apoptosis
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Staphylococcus aureus is an important human commensal which persistently colonizes up to 30% of the human population,
predominantly within the nasal cavity. The commensal lifestyle of S. aureus is complex, and the mechanisms underpinning
colonization are not fully understood. S. aureus can induce an immunosuppressive environment in the nasal tissue (NT) by driving
IL-10 and IL-27 to facilitate nasal colonization, indicating that S. aureus has the capacity to modulate the local immune environment
for its commensal habitation. Mounting evidence suggests commensal bacteria drive type 1 interferons (IFN-I) to establish an
immunosuppressive environment and whilst S. aureus can induce IFN-I during infection, its role in colonization has not yet been
examined. Here, we show that S. aureus preferentially induces IFN signaling in macrophages. This IFN-I in turn upregulates
expression of proapoptotic genes within macrophages culminating in caspase-3 cleavage. Importantly, S. aureus was found to drive
phagocytic cell apoptosis in the nasal tissue during nasal colonization in an IFN-I dependent manner with colonization significantly
reduced under caspase-3 inhibition. Overall, loss of IFN-I signaling significantly diminished S. aureus nasal colonization implicating a
pivotal role for IFN-I in controlling S. aureus persistence during colonization through its ability to induce phagocyte apoptosis.
Together, this study reveals a novel strategy utilized by S. aureus to circumvent host immunity in the nasal mucosa to facilitate nasal

colonization.
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INTRODUCTION

Whilst S. aureus is an adeptly skilled pathogen, it is also a major
human commensal found at many anatomical sites but primarily
in the anterior nares, where it colonises up to 30% of healthy
adults [1, 2]. However, our understanding of nasal colonization is
limited, particularly in the context of how S. aureus impacts host
immunity to facilitate long-term persistence. S. aureus is skilled at
manipulating its local environment to maintain its niche during
infection where it can induce an anti-inflammatory response to
suppress both the innate and adaptive arms of the immune
system [3-5]. Recently, it has been shown that S. aureus exploits
immunosuppressive responses to facilitate persistence during
colonization by inducing the production of the cytokines IL-27 and
IL-10 from myeloid cells within the nasal cavity [6]. IL-10 acts to
suppress local effector T cell responses resulting in a blunted IL-17
and IL-22 response. IL-22 reduces S. aureus nasal colonization by
promoting antimicrobial peptides (AMPs) and limiting staphylo-
coccal ligands that enable S. aureus attachment to the nares [7]
while IL-17 similarly limits S. aureus nasal colonization by inducing
AMPs, but also by promoting the recruitment of neutrophils [8, 9].
Recently, neutrophil recruitment was found to mediate transiency
of S. aureus skin colonization in a xenograft humanized mouse
model highlighting the importance of neutrophils in preventing/
controlling S. aureus colonization [10]. Consequently, for a
colonizing strain to effectively establish its niche, it must have

the capacity to overcome the influx of phagocytes, which would
otherwise eliminate the bacterium. How S. aureus does this in
nasal tissue, and whether S. aureus directly suppresses phagocytes
to establish its persistence at this site, remains to be established.

IFN-I are a group of pleiotropic cytokines including IFN-a and
IFN-B as well as several other variants which have been well
characterized in response to viral infection [11]. However, a
growing body of evidence has highlighted the importance of IFN-|
in the immune response to bacteria which can be beneficial/
detrimental depending on the bacteria and the circumstance. For
instance, in Listeria monocytogenes infection, IFN-I sensitize
lymphocytes to apoptosis whilst suppressing macrophage activa-
tion by IFN-y [12]. However, in Brucella abortus infection, IFN-I is
host protective by inducing the expression of guanylate-binding
proteins to enhance AlIM2-mediated immune cell activation [13].
In S. aureus infection, IFN-l can have a differential impact
depending on the site of infection and the nature of the infecting
strain. In the skin, inhibition of S. aureus induced SOCS-1 enhances
phagocytosis and nitric oxide production by BMDMs resulting in
increased bacterial killing, which was mediated by IFN-I [14]. In
contrast, in an S. aureus pneumonia model, IFN-I exacerbates
disease increasing lung pathology by enhancing proinflammatory
cytokines whilst also enhancing the number of DCs and NK cells
[15]. However, IFN-I has also been shown to enhance S. aureus
killing in a pneumonia model, using LAC USA300, by driving
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Fig. 1 S. aureus elicits an IFN-I response in murine BMDMs. BMDMs were infected with S. aureus strains LAC USA300 or Newman at a MOI of
100 for 1 h. BMDMs were then incubated with gentamicin media for 1 h which was then replaced with antibiotic free media. At 24 h post
gentamicin treatment, RNA was extracted from S. aureus infected BMDMs and analyzed using the myeloid panel on the Nanostring
technologies nCounter system. Fold change from uninfected BMDMs was determined for Newman (A) and LAC USA300 (B) infected BMDMs
using the Nanostring advanced analysis software, nSolver and graphed as volcano plots using Prism, Graphpad. Pathway analysis was also
conducted for both strains (C) using nSolver which uses each gene’s first principal component to create a pathway score. Statistics for
heatmap analysis was performed using a student’s t test comparing the means of log2 transformed normalized data. Genes with an FDR
adjusted P value < 0.05 are highlighted red above the dotted horizontal black line.

granzyme B expression, which enhanced S. aureus killing by
human neutrophils in an IFN-I dependent manner [16]. Impor-
tantly, these two studies differed in the strains used, with Parker
et al., showing that strain 502a was a significantly greater inducer
of IFN-I then LAC USA300. Thus S. aureus has the potential to
induce IFN-I in a strain dependent manner suggesting that the
impact of IFN production may have differential consequences
depending on the anatomical site.

It is currently unknown what impact IFN-I has on S. aureus nasal
colonization. In Systemic Lupus Erythematosus (SLE), up to 50% of
patients exhibit excessively high levels of IFN-I [17, 18]. S. aureus
colonizes up to 50% of skin lesions in patients and IFN-I decreases
barrier gene expression, enhancing S. aureus adherence to
keratinocytes. As such, this suggests IFN-I may enhance the
commensal lifestyle of S. aureus. Recently, tonic IFN-I signaling in
response to the gut commensal, Bacteroides fragilis, was found to
drive IL-10 and IL-27 expression from intestinal dendritic cells
which enhanced FoxP3+ T4 cell number and responses [19].
Given S. aureus’s ability to induce IL-10 and IL-27 within the nasal
tissue, this potentially implicates a role of IFN-I in S. aureus nasal
colonization. This study, reveals that S. aureus can drive IFN-I
production in a strain dependent manner, which ultimately
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induces phagocyte apoptosis as a means by which to facilitate
nasal colonization.

RESULTS

Gene expression analysis confirms a S. aureus strain
dependent differential IFN-I response in bone marrow derived
macrophages

Myeloid cells have been identified as key responders in S. aureus
nasal colonization through the production of IL-27 and IL-10 in the
NT [6]. To investigate the impact S. aureus has on myeloid gene
expression, BMDMs were exposed to S. aureus strains Newman
and LAC USA300 for 1 h followed by gentamicin treatment. At 24 h
post gentamicin treatment, cells were lysed for RNA isolation and
assessed using multiplex gene expression analysis with the
Nanostring nCounter platform using the myeloid panel. Several
IFN-l associated, and interferon stimulated genes (ISGs) were
found among the top 10 DEGs of Newman-exposed BMDMs (mxT,
usp18, cxcli10, ccl2, isg15, h2-k1 and stat1) (Fig. 1A). Additionally,
Newman drove the upregulation of the apoptosis related gene,
traf2, and the proinflammatory mediator, mif [20, 21]. In contrast,
LAC USA300-exposed BMDMs showed a heightened
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Fig. 2 S. aureus strain Newman induces elevated ISGs and endosomal TLR gene expression in BMDMs compared to LAC USA300 as well
as a significant increase in IFN-B secretion. Using nSolver, gene set analysis was conducted on the Nanostring gene expression analysis data
from LAC USA300 or Newman infected BMDMs relative to uninfected BMDMs. Genes found in the interferon signaling gene set were then
displayed using a heatmap (A) based on Log2(Fold change) relative to uninfected BMDMs with each gene possessing an FDR adjusted P
value < 0.05 except for genes designated 0. TLR gene expression was assessed using Log2(normalized counts) from the Nanostring data for
TLR3 (B), TLR7 (C), TLR8 (D) and TLR9 (E). BMDMs were infected with S. aureus strains LAC USA300, Newman, PS80 or human colonizing strain
RD44 at a MOI of 100 for 1 h. BMDMs were then incubated with gentamicin media for 1 h which was then replaced with antibiotic free media.
At 24 h post gentamicin treatment, cell supernatants were harvested and assessed for IFN-p secretion by ELISA (F). Data expressed using the
mean + SD and statistically analyzed using a one-way ANOVA with a Tukey post-test for Log2(normalized counts) or a Kruskal-Wallis test for

ELISA data (P value * <0.05, ** <0.01, *** <0.001 and **** <0.0001).

proinflammatory gene signature. The top 10 DEGs of LAC USA300-
exposed BMDMs included several proinflammatory mediators
(il1b, il12b, s100a8, fpr2 and mif), the anti-apoptotic gene, birc3,
and the phagocytic receptor, marco (Fig. 1B) [22-25]. Interestingly,
both strains drove high expression of the adenosine receptor
adora2a. This receptor was recently shown to enhance S. aureus
intracellular survival within human neutrophils by suppressing the
pentose phosphate pathway to limit neutrophil effector functions
[26]. Overall, gene set analysis highlighted interferon signaling as a
prominent feature induced by both strains, with Newman
inducing the greatest number of DEGs in this pathway compared
to all other gene sets (Fig. 1Q).

The individual genes found within the interferon gene set were
assessed to observe differences between Newman- and LAC
USA300-exposed BMDMs. Newman induced an enhanced ISG
signature compared to LAC USA300-exposed BMDMs (Fig. 2A).
This is potentially due to the elevated expression of socs? and
socs3 induced by LAC USA300 which act as inhibitors of IFN-I
signaling. Interestingly, Newman was also found to induce
heightened gene expression of endosomal TLRs tIr3 (Fig. 2B),
tlr7 (Fig. 2C), tir8 (Fig. 2D) and tlr9 (Fig. 2E) compared to LAC
USA300, which are known to drive IFN-I expression.

S. aureus strain Newman is commonly used in mouse models of
nasal colonization due to its robust colonizing capabilities
[6, 27-30]. In comparison, LAC USA300, is an invasive community
acquired methicillin resistant S. aureus (MRSA) strain which unlike
Newman, was found to be highly lethal in a rabbit sepsis model
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[31]. It was thus theorized that colonizing strains of S. aureus may
induce higher IFN-I compared to more invasive strains. To test this,
IFN-B was measured in LAC USA300- or Newman-exposed BMDMs
and additionally to PS80, another S. aureus strain commonly used
to model infection, or a human colonizing strain isolated from a
persistent nasal carrier (RD44) [32-34]. Each strain showed some
level of IFN-B secretion (Fig. 2F) possibly driven by endosomal
signaling of TLR2 which has previously been shown to induce IFN-|
in S. aureus-exposed THP-1 cells in an endocytosis dependent
manner [35]. Nanostring data revealed LAC USA300 and Newman-
exposed BMDMs both showed significant upregulation of TLR2
(Supplementary Fig. 1). However, Newman and RD44 showed
substantially greater induction of IFN-I compared to the other
strains (Fig. 2F) potentially due to enhanced expression of the
other endosomal TLRs, as was observed in response to Newman
(Fig. 2C-E).

To confirm IFN-I signaling in BMDMs in response to S. aureus
strain Newman, the downstream IFN-I signaling protein STAT1 was
assessed 24 h post gentamicin treatment by western blotting for
both phosphorylated (pSTAT1) and total-STAT1 using WT BMDMs
and BMDMs lacking the IFN-I signaling receptor (IFNAR™'7).
Newman was found to drive total STAT1 and pSTAT1 in WT
BMDMs compared to uninfected BMDMs but this was lost in
IFNAR™~ BMDMs (Supplementary Fig. 2), validating that Newman
induced IFN-I signaling leads to STAT1 activation. In all, this data
suggests that colonizing strains of S. aureus may be particularly
adept at driving IFN-I mediated immune responses.

SPRINGER NATURE
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Fig. 3 S. aureus strain Newman shows significantly less intracellular survival and drives the expression of the proapoptotic genes trail
and daxx in BMDMs. BMDMs were infected with S. aureus strain LAC USA300 or Newman at a MOI of 100 for 1 h. BMDMs were then incubated
with gentamicin media for 1 h which was then replaced with antibiotic free media. 24 h post gentamicin treatment, cells were then lysed for
CFU enumeration and presented as either Log(CFU/ml) (A) or fold change of Log(CFU/ml) at TOh (B). Cells were lysed for RNA isolation and
then assessed using the Nanostring nCounter platform with the myeloid panel. Heatmap of extrinsic apoptosis related genes contained within
the Nanostring panel (C). Log2(Normalized counts for trail (D) and daxx (E). Results are expressed as mean + SD with CFU data statistically
analyzed using a two-way ANOVA with a Sidak multiple comparisons posttest or for the Nanostring data using a one-way ANOVA with a Tukey
post-test (P value * <0.05, ** <0.01, *** <0.001 and **** <0.0001) for n = 3-6 independent experiments.

Newman is less adept at intracellular survival than LAC
USA300 in BMDMs but induces apoptosis in an IFN-I
dependent manner

Previous studies have suggested an inverse relationship between
IFN-I and S. aureus intracellular survival [15, 36]. As such,
intracellular survival was assessed in BMDMs harboring LAC
USA300 and Newman at specific time points post-gentamicin
treatment. LAC USA300 displayed significantly greater levels of
intracellular CFU compared to Newman at all time points (Fig. 3A).
However, both strains displayed a similar trend in clearance by
BMDMs and so to determine if the rate of intracellular survival
differed between the strains, fold change from TO was deter-
mined. Whilst the early infection dynamics showed a similar
pattern, after 24 h post gentamicin treatment, Newman displayed
significantly greater fold changes compared to LAC USA300
(Fig. 3B). This implies Newman has a reduced intracellular fitness
compared to LAC USA300, which is more resistant to intracellular
killing. Additionally, Newman showed a reduced rate of phago-
cytic uptake compared to LAC USA300 (Supplementary Fig. 3).
Together, this data implicates an inverse relationship between
intracellular habitation and IFN-I induction.

During listeria infection, IFN-I can drive extrinsic apoptosis in
lymphocytes and macrophages to enhance persistence and
bacterial proliferation [37]. Whilst S. aureus strain Newman was
identified as a potent IFN-I inducing strain, Nanostring analysis
also highlighted the upregulation of the extrinsic pro-apoptotic
related gene traf2, potentially implicating the induction of
extrinsic apoptosis in response to Newman. In contrast to this,
LAC USA300 induced the anti-apoptotic birc3 (clAP2) (Fig. 1B)
which aligns with its increased propensity to survive intracellularly
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and the observation that LAC USA300 can delay phagocyte
apoptosis [33]. A panel of extrinsic apoptosis related genes from
the Nanostring myeloid panel were therefore assessed from
Newman- and LAC USA300-exposed BMDMs. LAC USA300
exposure induced enhanced upregulation of tnf and the proin-
flammatory TNF receptor, tnfr2, as well as the downstream
signaling molecule traf1 indicating a heightened proinflammatory
TNF response rather than extrinsic apoptosis (Fig. 3C). Newman-
exposed BMDMs showed a weaker TNF response but showed a
significant upregulation of the proapoptotic factors trail and daxx
compared to uninfected and LAC USA300-exposed BMDMs
(Fig. 3D, E). BMDMs were confirmed to substantially upregulate
the TRAIL receptor, TRAIL-R2, in response to S. aureus with
Newman and the human colonizing strain RD44, showing
significant upregulation compared to uninfected BMDMs (Supple-
mentary Fig. 4).

To determine whether Newman induced trail and daxx
expression was IFN-I dependent, BMDMs from IFN-receptor
deficient (IFNAR™") mice, were exposed to Newman or LAC
USA300, and lysed for RNA isolation. Newman induced trail and
daxx was confirmed in WT BMDMs using RT-PCR and was
substantially greater than uninfected or LAC USA300-exposed
BMDMs (Fig. 4A, B). However, Newman failed to induce trail and
daxx in IFNAR™'~ BMDMs indicating an IFN-I dependent response.
Additionally, the IFN-I dependent induction of Daxx in response to
Newman exposure was validated at the protein level by western
blotting (Fig. 4C, D). Importantly, Newman was found to induce
BMDM apoptosis in WT BMDMs as Newman-exposed BMDMs
were found to drive significant caspase-3 cleavage compared to
WT uninfected or LAC USA300-exposed BMDMs (Fig. 4E, F).

Cell Death Discovery (2024)10:403
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Fig. 4 S. aureus strain Newman drives the expression of proapoptotic factors trail and daxx in an IFN-1 dependent manner. BMDMs from
WT or IFNAR ™/~ mice were infected with S. aureus strains Newman or LAC USA300 at a MOI of 100 for 1 h. BMDMs were then incubated with
gentamicin media for 1 h which was then replaced with antibiotic free media. 24 h post gentamicin treatment, cells were lysed for RNA
extraction. Expression of the proapoptotic genes trail (A) and daxx (B) was assessed using RT-PCR in both WT and IFNAR™'~ mice. RT-PCR data
was normalized using b2m as a housekeeping gene and analyzed using the AACT method. Protein lysates were collected 24 h post
gentamicin treatment and analyzed using western blotting for Daxx (C) or caspase-3 (E) with p-actin serving as a loading control.
Densitometry of Daxx (D) and cleaved caspase-3 (F) was determined using Bio-Rad’s Image Lab software, normalized to the loading control, &
expressed as relative expression. Results are expressed as mean + SD and statistically analyzed using a two-way ANOVA with a Siddk multiple
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However, Newman-exposed IFNAR™'~ BMDMs failed to induce significantly enhanced by Newman nasal colonization (Supple-
caspase-3 cleavage confirming that Newman induced apoptosis is mentary Fig. 5b). Additionally, western blotting of NT homo-

IFN-I dependent. genates revealed S. aureus-colonized mice expressed substantially
elevated levels of Trail 24 h post colonization (Fig. 5D, E).
Induction of phagocyte apoptosis in the NT facilitates S. To ascertain how phagocytic cell apoptosis impacted S. aureus
aureus nasal colonization nasal colonization, mice were intranasally inoculated with
To determine if apoptosis of NT phagocytes played a role in nasal streptomycin-resistant Newman in combination with the caspase-3
colonization, C57BL/6 mice were colonized with streptomycin- inhibitor, Z-DEVD-FMK (2.5 mg/kg), or with the DMSO vehicle control.
resistant Newman as previously described [6] and culled 24 h Inhibition of caspase-3 significantly reduced bacterial burden within
postnasal colonization to excise NT for flow cytometry. Neutro- the NT 24h post colonization compared to the vehicle control
phils were identified by gating on CD11b*LY6G™ cells whilst implicating phagocyte apoptosis leads to enhanced nasal coloniza-

macrophages were identified by gating on CD11b"LY6G"F4/80™" tion (Fig. 5F). In all, S. aureus was found to induce phagocyte
cells (Supplementary Fig. 5a). Apoptosis was assessed in these apoptosis in the NT enhancing nasal colonization likely through the
populations using the phosphatidylserine binding dye, apotracker, removal of these antimicrobial immune cells.

and the viability dye, zombie NIR, with double positive cells

representing apoptotic cells. Colonization with S. aureus was Loss of IFN-I signaling dramatically reduces phagocytic cell
found to drive significant increases in the numbers of apoptotic apoptosis and significantly decrease nasal colonization
neutrophils and macrophages within the NT compared to PBS In the NT, S. aureus-induced phagocyte apoptosis which enhanced
mice (Fig. 5A-C). Percentage of apoptotic cells were also nasal colonization. To determine if this induction of phagocytic

Cell Death Discovery (2024)10:403 SPRINGER NATURE
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Fig. 5 S. aureus induced apoptosis of neutrophils and macrophages in the nasal tissue enhances nasal colonization. Mice were colonized
with streptomycin resistant Newman (2 x 10® CFU/nose) and culled 24 h post-colonization to excise the NT. Cells were isolated from the nasal
tissue and sequentially stained with Apotracker, Zombie NIR and extracellular markers to identify neutrophils (CD11b*LY6G"9") and
macrophages (CD11b"LY6G¥"™9F4/80") via flow cytometry. Apotracker/Zombie NIR double positive cells are deemed apoptotic cells.
Results are shown as Zombie NIR vs apotracker gated on neutrophils and macrophages (A) with a representative plot and pooled absolute
counts of apoptotic cells shown for neutrophils (B) and macrophages (C). At 24 h post-colonization, NT was excised, homogenized, and
incubated with Sepharose beads to extract proteins for western blotting for Trail and total protein by Ponceau S staining (D). Densitometry of
Trail was determined using Bio-Rad'’s Image Lab software, normalized to the total protein, and expressed as relative expression (E). Bacterial
burden within the NT was also assessed in mice that received the caspase-3 inhibitor Z-DEVD-FMK (2.5 mg/kg) compared to the vehicle
control (F). Results are expressed as mean + SD and statistically analyzed for animal experiments (10 mice per group) using an unpaired T test
for CFU assessment and a Mann-Whitney U test for absolute counts of apoptotic cells (P value ** <0.01, *** <0.001 and **** <0.0001).

cell apoptosis was IFN-I dependent, WT and IFNAR™'~ mice were and/or site of infection is a key determinant of the pathogenicity
intranasally colonized with streptomycin-resistant Newman. 24 h of IFN-1 [14, 15]. However, the role of IFN-I in S. aureus colonization
post colonization, NT was excised and enzymatically digested for is currently unknown. This study shows that S. aureus indeed
flow cytometry gating on neutrophil/macrophage populations as drives IFN-I in a strain dependent manner, with colonizing strains
previously described. As expected, S. aureus-induced apoptosis in of S. aureus more potent IFN-I inducers than invasive strains. IFN-I
neutrophils and macrophages in NT compared to PBS mice was found to drive proapoptotic factors and apoptosis in
(Fig. 6A-D). However, S. aureus-induced neutrophil and macro- phagocytes. It appears that during colonization, S. aureus drives
phage apoptosis was substantially reduced in IFNAR™~ mice. IFN-l, leading to the induction of phagocyte apoptosis to
Importantly this reduction in phagocyte apoptosis was associated counteract the antimicrobial effects of these cells facilitating its
with enhanced clearance of S. aureus from the NT (Fig. 6E) day 7 persistence within this niche.
post colonization. Myeloid cells have previously been identified as key cells
targeted by S. aureus to create an immunosuppressive environ-
ment within the NT [6]. Here, it is revealed that induction of IFN-I
DISCUSSION production by myeloid cells is an additional strategy employed by
The role of IFN-I in S. aureus infection is a divisive topic with both S. aureus to manipulate these cells during colonization. Gene
beneficial and detrimental effects reported. IFN-I contribute to expression analysis of BMDMs exposed to S. aureus strains
protective immunity during S. aureus sub-cutaneous infection and Newman and LAC USA300 highlighted the robust induction of

post hemorrhage pneumonia with IFN-a shown to protect human ISGs and interferon signaling-related genes. Interestingly, New-
lung epithelial cells from a-hemolysin-induced cell death [38-40]. man showed the greatest induction of IFN-I, showing substantial
Conversely, other studies have shown IFN-I contributes to S. upregulation of several IFN-I stimulated genes compared to LAC
aureus pathogenicity by enhancing lung damage during pneu- USA300. Newman was also shown to significantly upregulate

monia and increasing mortality [15]. One possible explanation for almost all endosomal TLRs compared to LAC USA300-exposed
these conflicting reports is the potential for strain dependent BMDMs, indicating that the enhanced induction of IFN-I is
induction of IFN-I as well as the potential for tissue-dependent potentially driven via increased endosomal TLR activation. This is
effects of IFN-I [15, 36]. For instance, the high IFN-I inducing strain likely due to the recent observation that Newman can drive IFN-I
502a was responsible for exacerbating IFN-I dependent lung by releasing nucleic acid containing membrane vesicles that enter
pathology [15]. Meanwhile, IFN-I was protective against the macrophages via endocytosis and leads to endosomal signaling
weaker IFN-I inducer, LAC USA300, suggesting the concentration [41]. LAC USA300 showed significantly enhanced intracellular
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Fig. 6 IFN-1 enhances nasal colonization and drives the induction of neutrophil and macrophage apoptosis. WT and IFNAR ™~ mice were
colonized with streptomycin resistant Newman (2 x 108 CFU/nose). At 24 h post-colonization, the NT was excised and digested for flow
cytometry. Cells isolated from the nasal tissue were sequentially stained with Apotracker, Zombie NIR and extracellular markers to identify
neutrophils (CD11b*LY6GM9") and macrophages (CD11bLY6G"" ™9F4/80%) via flow cytometry. Apotracker/Zombie NIR double positive cells
are deemed apoptotic cells. Results are shown as Zombie NIR vs apotracker gated on neutrophils (A and B) and macrophages (C and D) with a
representative plots and pooled absolute counts of apoptotic cells. On day 7, WT and IFNAR™~ mice were culled to excise and homogenize
the nasal tissue (E) for CFU enumeration. Data is expressed as mean +SD and statistically assessed using a two-way ANOVA with a Sidak
multiple comparisons post-test to compare absolute counts of late apoptotic cells or using an unpaired T test for CFU enumeration (P value

* <0.05, ** <0.01 and *** <0.001).

survival and uptake compared to Newman but didn't drive as
strong an IFN-I response. This suggests that LAC USA300 may
prioritize strategies to maintain an intracellular lifestyle above the
induction of IFN-I as its preferred immune evasion strategy. As
such, future studies should aim to address the relationship of
intracellular survival and IFN-I.

Previous work has shown that S. aureus creates an immuno-
suppressive environment within the NT to facilitate persistence
during colonization via IL-10/IL-27 production in tissue-resident
myeloid cells [6]. LPS induction of IFN-I drives IL-27 and
consequently IL-10, so it is likely that the induction of IFN-I
during nasal colonization may also act to amplify the IL-10/IL-27
axis [42]. However, S. aureus driven IL-10 production by BMDMs
is not exclusively IFN-I dependent (Supplementary Fig. 6)
indicating that S. aureus may be exploiting IFN-I for additional
means during nasal colonization. In addition to sensing/

Cell Death Discovery (2024)10:403

responding to S. aureus through the production of pro/anti-
inflammatory mediators, tissue-resident and recruited phago-
cytes are essential for the eradication of S. aureus from infected
tissues. Consequently, S. aureus exerts a significant effort to
circumvent or evade the effects of these antimicrobial cells
[43-45].

An important consideration in the interplay of S. aureus and
phagocytes during infection is the induction or suppression of
phagocyte apoptosis. This cellular pathway can be beneficial to
the host by containing intracellular bacteria within apoptotic
bodies, which are ultimately ingested by macrophages through
the process of efferocytosis [46]. As such, it is unsurprising S.
aureus has developed a complicated relationship with apoptosis
where the bacterium can drive pro/antiapoptotic phenotypes in
phagocytes [47]. S. aureus can actively inhibit neutrophil apoptosis
by disrupting autophagic flux to preserve its intracellular niche
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whilst creating a cellular vehicle for host dissemination [33, 48].
However, many toxins produced by S. aureus induce apoptosis,
such as alpha toxin, despite this bacterium’s adept ability to
survive intracellularly [44, 47]. S. aureus can drive macrophage
apoptosis by producing deoxyadenosine using the adenosine
synthase (AdsA) virulence factor which removes macrophages in a
non-inflammatory manner [49]. This was shown to be caspase-3
dependent which when deleted, protected macrophages from
deoxyadenosine whilst increasing abscess infiltration for
enhanced bacterial clearance. It is clear S. aureus can manipulate
host apoptosis in either a pro or anti-apoptotic manner to suit its
context dependent needs.

This study reveals that, S. aureus elicited a strain- and IFN-|
dependent induction of phagocyte apoptosis likely through the
action of Trail and Daxx. Additionally, Newman and the human
colonizing strain RD44 significantly upregulated the apoptotic
death receptor Trail-R2 indicating apoptosis is potentially a
feature of S. aureus colonization that removes phagocytes to
promoting persistence. Consistent with this, in a superinfection
model of Influenza A virus and Streptococcus pneumoniae, |FN-I
induced Trail led to increased bacterial outgrowth by enhancing
epithelial injury [50]. Administration of anti-Trail neutralizing
antibodies enhanced bacterial clearance implicating a patho-
genic role of Trail during infection. The role of Daxx during
bacterial infection is even less understood but is a known ISG
which is upregulated during L. monocytogenes infection along-
side Trail coinciding with general apoptosis within the spleen
[51]. This suggests that bacteria can manipulate IFN-I to drive
phagocyte apoptosis for their own survival which aligns with the
data presented in this study.

Here, S. aureus was found to drive phagocyte apoptosis to
increase nasal colonization which was significantly reduced when
apoptosis was inhibited, indicating that phagocyte apoptosis is
beneficial to the commensal lifestyle of S. aureus. A limitation of
this study is the role that non-phagocytic cells such as epithelial
cells play during colonization. Lung airway epithelial cells have
been shown to respond to S. aureus by producing IFN-I [52, 53]
and so it is likely that these cells could also contribute to the IFN-I
milieu within the nasal tissue that contributes to phagocyte
apoptosis. Regardless of the cellular source of IFN-I, apoptosis of
the phagocytic effector cells impedes bacterial clearance and
facilitates nasal colonization thus representing the key outcome of
IFN-I induction.

In summary, S. aureus varies in its capacity to elicit an IFN-I
response in macrophages, with some strong IFN-l inducing strains,
leading to significant increases in the proapoptotic trail and daxx
culminating in caspase 3 cleavage, the executioner of apoptosis. In
vivo, Newman drives IFN-I dependent apoptosis in host neutro-
phils and macrophage to potentially boost its survival and
persistence in the nasal cavity. In all, IFN-I has been identified as
an important mediator of nasal colonization by S. aureus, that
reshapes the host microenvironment facilitating survival and
persistence by inducing phagocyte apoptosis.

METHODS & MATERIALS

Bacterial cell culture

S. aureus strains used in this study were LAC USA300 [33],
Newman [30] and the human colonizing strain RD44 [6] as
previously described. S. aureus strains were streaked from frozen
stocks onto TSA plates or streptomycin supplemented TSA for
streptomycin resistant Newman and incubated at 37 °C overnight.
Overnight stock plates were then used to prepare bacterial inocula
for subsequent experiments. Bacterial colonies were scraped from
stock plates and added to PBS and adjusted to an ODggo Of 1
corresponding to 1 x 10° CFU/m. After use, bacterial inocula was
then serially diluted in PBS and plated on TSA plates to confirm
CFU/ml.
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For phagocytic uptake assays, bacteria were incubated with
CFSE (ThermoFisher, 10 uM) for 30 min under rotation immedi-
ately prior to infection.

For in vitro experiments, a single inoculate was prepared for
each strain to stimulate all control and study groups at the same
time and was then repeated with fresh inocula each experimental
replicate as indicated in the figure legend. For in vivo experiments,
one inoculum was prepared to colonize both groups of WT and
IFNAR—/— mice, again in parallel. PBS was administered to control
mice immediately prior to administration of S. aureus to the
colonized groups to limit any risk of inadvertent colonization of
PBS inoculated mice. In vivo experiments were repeated a second
time using a fresh inoculum to simultaneously treat all groups.

Mice

C57BL6J wild-type and IFNAR™~ mice were purchased from
Charles River laboratories or bred in house at the Trinity College
Dublin Comparative Medicine Unit. In vivo, experiments were
carried out using age matched mice (6-12 weeks) and typically
carried out 1-2 times with 4-5 mice per group and there were no
exclusions. In each experiment mice were allocated to their
treatment group by randomization within blocks (Nuisance
variables: sex, cage location). Groups were allocated by the person
performing the experiment.

Generation of murine BMDMs and Gentamicin

protection assay

Murine BMDMs were generated using previously described
protocols [6, 34]. On day 6, BMDMs were seeded in 12 well plates
at a density of 1x 10° cells/well (for RNA and Protein analysis) in
antibiotic free cDMEM and rested overnight. BMDMs were then
infected at a multiplicity of infection (MOI) of 100 for 1 h before
gentamicin treatment for a further 1h (200 ug/ml). Gentamicin
containing media was removed and replaced with antibiotic free
cDMEM. At indicated time points, cell supernatants were removed
for ELISA and cells lysed in Qiazol for RNA isolation. Alternatively,
Cells were lysed for CFU enumeration using triton-X-100 (0.1%) for
10 min followed by plating on TSA agar plates and overnight
incubation at 37 °C or for western blotting by lysing on ice using
1x Sample buffer with B-mercaptoethanol.

RNA isolation, cDNA synthesis and RT-PCR
RNA was isolated at indicated timepoints using a Qiagen
(Germantown, MD, USA) RNeasy mini plus kit as per manufac-
turer’s instruction and then assessed for RNA concentration and
quality using an LVis plate and a SpectrostarNano microplate
reader. cDNA synthesis was achieved using the High-capacity
cDNA reverse transcription kit (Applied Biosystems, Waltham,
Massachusetts, USA) as per protocol and then stored at —20 °C.
cDNA was assessed by RT-PCR with a CFX96 touch RT-PCR
system (Bio-Rad) using reverse and forward primers for trail
(Primer sequence:) and daxx (Primer sequence:) alongside iTag™
Sybr Green. Results were then exported and analyzed using Bio-
Rad CFX Manager Software. Ct values were exported to excel and
analyzed using the AAct method.

Nanostring nCounter platform

For Nanostring analysis, RNA was isolated at 24 h post gentamicin
treatment and assessed using a qubit fluorometer and RNA HS
assay kit to validate both RNA quality and concentration. RNA
(100 ng) was then assessed using the myeloid panel and the
Nanostring nCounter Flex system (Seattle, Washington, USA)
according to manufacturer’s protocol. Data was then exported
and analyzed using nSolver version 4 with the advanced analysis
software plugin. 754 myeloid associated genes were assessed per
strain and expressed relative to the uninfected control. Statisti-
cally, the Log2(normalized counts) per gene from S. aureus
exposed BMDMs was compared to uninfected control BMDMs
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using a Student’s t test. P values were then adjusted to account for
false discoveries using a Benjamini-Yekutieli post-test and
represented on a volcano plot with the top 10 most significantly
differentially expressed genes (DEGs) highlighted for each strain.

ELISA

At indicated timepoints, IL-10 and IFN-B (DuoSet ELISA, R&D
Systems, Minneapolis, MN, USA) were measured in cell super-
natants or nasal tissue homogenates by ELISA according to
manufacturer’s guidelines.

Western blotting

Samples were separated using 4-20% precast TGX polyacrylamide
gels (BioRad) and transferred onto polyvinylidene difluoride
membranes. Membranes were blocked in Advanblock (Advansta
Inc, San Jose, CA) for 1 h at RT under constant agitation followed
by 3x5min washes in PBST. Membranes were then probed
overnight with the following antibodies as indicated at 4 °C under
constant agitation: rabbit anti-mouse DAXX (Cell Signaling
Technology, Danvers, Massachusetts, USA), rabbit anti-mouse
Caspase-3 (Cell Signaling Technology, Danvers, Massachusetts,
USA), rabbit anti-mouse f-actin (Cell Signaling Technology,
Danvers, Massachusetts, USA), rat anti-mouse Trail (R&D biosys-
tems, Minneapolis, MN, USA), pSTAT1 and total STAT1 (Cell
Signaling Technology, Danvers, Massachusetts, USA). Membranes
were washed 3x for 5 min in PBST followed by incubation for 1 h
with anti-rabbit or anti-rat secondary HRP-conjugated antibody at
RT under constant agitation. Membranes were washed as before
and then developed using ECL and a CCD camera (Bio-Rad Gel
Dock). Data was normalized using B-actin. For in vivo samples,
total protein normalization was used by ponceau S staining blots
for 5 min, washing in distilled water and imaging for total protein.
Uncropped blots are available in the supplemental
information files.

Murine nasal colonization model

WT or IFNAR™~ mice were given sterile water containing
streptomycin (0.5 mg/ml) 72h prior to nasal colonization with
continued streptomycin treatment given throughout the duration
of the experiment. After streptomycin treatment, mice were
intranasally administered streptomycin resistant S. aureus strain
Newman (2 x 10® CFU/nose) under isoflurane treatment. For the
inhibition of caspase-3, bacterial inocula was co-administered with
the caspase-3 inhibitor, Z-DEVD-FMK (2.5 mg/kg). At specific
timepoints, mice were euthanized using CO, exposure and the
nose and NT excised as previously described [6]. The nose and NT
were homogenized with a Polytron PT 2500E (Kinematica, Malters,
Switzerland), serially diluted, and plated onto TSA plates contain-
ing streptomycin followed by overnight incubation at 37 °C. For
western blotting, Sepharose beads (Agilent) were added to nasal
tissue homogenates, briefly vortexed and incubated for 5 min on a
roller. Homogenates were then centrifuged at 300g for 5min,
supernatants discarded, beads resuspended in sample buffer and
boiled for 5 min at 95 °C. Tissue lysates were then assessed for Trail
using SDS-PAGE and western blotting as above.

Cell dissociation of NT and flow cytometry
To obtain a single cell suspension, the NT was enzymatically
digested using cRPMI containing Collagenase D (1 mg/ml) and
DNase (0.1 mg/ml) for 30 min at 37°C in a shaking incubator at
250 RPM. The resulting single cell suspension was then passed
through a 40 uM nylon Falcon cell strainer and then centrifuged
for 5 min at 300 g followed by red blood cell lysis using ACK lysis
buffer. Cells were washed and centrifuged for 5min at 300g,
resuspended and used immediately for flow cytometry staining.
Cells were washed with PBS and incubated for 15 min with
apotracker (200nM), a cell impermeable phosphatidyl serine
binding dye. After this, cells were washed and incubated with
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Zombie Near IR fixable viability dye for 15 min followed by 15 min
incubation with mouse Fc Receptor Binding Inhibitor Polyclonal
Antibody. Cells were washed in PBS containing 1% bovine serum
albumin. Cells were extracellularly stained for 15 min and then
fixed with FIX & PERM™ fix A (Thermofisher, Waltham, MA, USA) for
15 min. Samples were assessed using a BD FACSCanto Il (BD
biosciences, San Jose, CA, USA) cytometer. Apoptosis was assessed
by first gating of the population of interest and then plotting
Zombie Near IR against apotracker with double positive cells
defined as late apoptotic with single positive cells for Zombie Near
IR or apotracker defined as necrotic and early apoptotic
respectively.

Statistical analysis

Prism GraphPad was used to perform statistical analysis of all the
data generated except for the Nanostring data which was as
previously described. A one-way ANOVA with a Tukey's post-test
comparison was used for multiple groups compared at one time
point. In animal experiments, an ordinary Student’s t test was
employed for log transformed CFU data or a Mann-Whitney U test
for comparison of absolute cell numbers. Groups compared across
several variables were assessed using a two-way ANOVA with a
Sidak’s correction posttest. P values less than 0.05 were considered
statistically significant. Power calculations were generated using
G-power software. Calculations based on previously published
studies using models of S. aureus colonization [6, 30].

DATA AVAILABILITY
All data generated or analyzed during this study are included in this published article
and its supplementary information.
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