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A B S T R A C T

Background: Staphylococcus aureus is a common human pathogen capable of causing diverse illnesses with
possible recurrent infections. Although recent studies have highlighted the role of cellular immunity in recur-
rent infections, the mechanism by which S. aureus evades host responses remains largely unexplored.
Methods: This study utilizes in vitro and in vivo infection experiments to investigate difference of pro-inflam-
matory responses and subsequent adaptive immune responses between adsA mutant andWT S. aureus strain
infection.
Findings: We demonstrated that adenosine synthase A (AdsA), a potent S. aureus virulence factor, can alter
Th17 responses by interfering with NLRP3 inflammasome-mediated IL-1b production. Specifically, S. aureus
virulence factor AdsA dampens Th1/Th17 immunity by limiting the release of IL-1b and other Th polarizing
cytokines. In particular, AdsA obstructs the release of IL-1b via the adenosine/A2aR/NLRP3 axis. Using a
murine infection model, pharmacological inhibition of A2a receptor enhanced S. aureus-specific Th17
responses, whereas inhibition of NLRP3 and caspase-1 downregulated these responses. Our results showed
that AdsA contributes to recurrent S. aureus infection by restraining protective Th1/Th17 responses.
Interpretation: Our study provides important mechanistic insights for therapeutic and vaccination strategies
against S. aureus infections.
© 2021 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/)
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1. Introduction

Staphylococcus aureus (S. aureus) is one of the most common
causes of community-acquired and healthcare-associated bacterial
infections [1]. S. aureus infections lead to a variety of clinical manifes-
tations ranging from skin and soft-tissue infections to invasive dis-
eases including blood stream infections, endocarditis, and sepsis [2].
Moreover, the emergence of methicillin-resistant S. aureus (MRSA)
further highlights the severe threat of S. aureus infections as a major
global public health concern [3]. Notably, prior exposure to S. aureus
does not always confer protection against subsequent S. aureus infec-
tion, particularly in some situations such as recurrent skin infection
[4,5]. Our lack of understanding of how S. aureus constrains protec-
tive immunity has impeded the development of efficient treatments
against S. aureus infections.

Using different infection models, several host factors have been
implicated in the protection against S. aureus. These protective
responses include the complement system [6], neutrophils [7], mac-
rophages [8], IL-17A producing gd+ T cells [9], humoral responses
[10], and Th1 and Th17 immune responses [8,11]. Although humoral
responses have long been recognized as a critical indicator of anti-S.
aureus immunity, individuals with robust S. aureus-specific antibody
responses are not always protected from the next infection, indicat-
ing additional host factors may also play essential roles in establish-
ing efficient immunity against S. aureus [12]. Recently, accumulating
evidence has shed light on the role of cellular immunity in preventing
the course of S. aureus infection. Patients with diseases that cause
defects in Th17 differentiation display increased susceptibility
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Research in context

Evidence before this study

Staphylococcus aureusis becoming one of the most common
bacterial infections across the world, posing a major threat to
current health care system. The difficulty in developing efficient
treatments lies in lack of understanding of its pathogenic mech-
anisms. Previous works conducted by other groups have identi-
fied several roles of AdsA in the pathogenesis of S. aureus by
suppressing innate immune responses. These include impedi-
ment of phagocytosis of neutrophils, initiating apoptosis of
macrophages, downregulating the secretion of type IIA secre-
tory phospholipase A2. However, there is no studies reporting
the influence of AdsA on adaptive immunity, especially on T
cell responses. This work used in vitro and in vivo infection
experiments to investigate how AdsA dampen the development
of host anti-S. aureus adaptive immunity.

Added value of this study

This work demonstrated that AdsA can inhibit the development
of protective T cell responses by reducing production of rele-
vant pro-inflammatory cytokines during S. aureus infection.
Moreover, we further identify that AdsA evades the protective
Th17 immunity by constraining the activation of NLRP3 inflam-
masome and IL-1b production. Consequently, this work pro-
vides new evidence that S. aureus dampens host adaptive
immunity via AdsA, contributing to recurrent infection.

Implications of all the available evidence

Understanding of how AdsA interferes with the establishment
of long-term protective immunity facilitates the drugs and vac-
cines development which aim to improve specific cellular
immunity, ameliorating immunosuppressive environment eli-
cited by S. aureus.

2 J. Deng et al. / EBioMedicine 70 (2021) 103505
toward S. aureus infection [13]. Th17 cells can potentiate bacterial
killing by enhancing phagocytosis by neutrophils via the secretion of
IL-17 family cytokines (IL-17A and IL-17F) [14]. Memory Th1 cells
have also been reported to accelerate the clearance of S. aureus in
blood stream infections [8]. Recurrent infections in a large number of
patients implies the inability to establish protective T cell responses
during S. aureus infection. So far, only O-acetyltransferase (OatA) has
been shown to suppress the development of protective Th17 immune
responses by interfering with cytokine milieu involved in Th develop-
ment [15]. Consequently, it is of significant importance to investigate
the mechanisms by which S. aureus counteracts host cellular immu-
nity that contribute to recurrent infections.

The inflammasome is another crucial host factor involved in anti-
S. aureus immunity [16]. The inflammasome is an intracellular multi-
protein complex that is assembled upon detection of specific patho-
genic signals or danger signals such as flagellin, toxins, and silica
particles [17,18]. In S. aureus infection, inflammasomes are widely
activated, which triggers a specific form of cell death termed pyrop-
tosis, as well as the secretion of potent inflammatory cytokines such
as IL-1b [18,19] that are involved in Th17 development [20]. Impor-
tantly, one of the most studied inflammasomes, NACHT, LRR and PYD
domains-containing protein 3 (NLRP3) inflammasome has been
shown to be triggered by extracellular pore-forming toxins (PFTs)
[21,22] or peptidoglycan (PGN) [23] from S. aureus. In a skin infection
model, NLRP3/IL-1b/IL-1R signaling was demonstrated to recruit
neutrophils to restrict infection [24].

Adenosine synthase A (AdsA) is an important immune evasion
factor by which S. aureus modulates host pro-inflammatory
responses, resulting in a prolonged infection [25]. The well-defined
enzymatic activity of AdsA facilitates the degradation of ATP, ADP,
and AMP to adenosine [26], and the conversion of neutrophil extra-
cellular traps (NETs) to deoxyadenosine [27]. In our previous work,
our bioinformatic analysis showed that AdsA was prevalent in most
of the S. aureus isolates [28]. Previous studies have shown that AdsA
can inhibit phagocytic clearance [29] and secretion of antibacterial
peptide sPLA2-IIA [30], and induce apoptosis of macrophages [27] via
adenosine signaling or deoxyadenosine signaling. However, the
interaction of AdsA with the host adaptive immunity remains
unclear. In this study, we provide evidence that AdsA contributes to
recurrent S. aureus infection by restraining protective Th1 and Th17
responses. Specifically, AdsA interferes with Th17 development by
attenuating NLRP3-mediated IL-1b production through the adeno-
sine/A2AR pathway. Overall, our study revealed a novel mechanism
that contributes to S. aureus recurrent infection, which provides
potential mechanistic insights for therapeutic and vaccination strate-
gies.

2. Materials and methods

2.1. Reagents and primers

Reagents and primer sequences are detailed in Table S1 in Supple-
mentary materials.

2.2. Cell culture

THP-1 monocytic cell line (American Type Culture Collection Cat#
TIB-202, RRID:CVCL_0006) was validated by the ATCC using short
tandem repeat analysis. THP-1 cells were cultured in RPMI-1640 sup-
plemented with 10% heat-inactivated fetal bovine serum (HI-FBS),
100 U/mL penicillin, and 0.1 mg/mL streptomycin. For infection
experiment, THP1 were firstly differentiated into macrophages using
50 nM Phorbol 12-myristate 13-acetate (PMA) for 24 h. After stimula-
tion, cells were washed with 1640-RPMI medium and cultured with
medium without PMA for 24 h. Cells were tested for mycoplasma
contamination by The University of Hong Kong, LKS Faculty of Medi-
cine core facility.

2.3. Human primary cell culture

Human peripheral blood mononuclear cells (PBMC) were isolated
from human buffy coat (provided by Department of Microbiology,
The University of Hong Kong) by Ficoll-Paque gradient protocol. In
brief, 30 mL of 1:1 PBS diluted buffy coat from healthy donors was
layered on Ficoll-Paque Plus (GE Healthcare, Life Sciences) and centri-
fuged at 450 x g for 30 min at room temperature. Separated layers
of PBMC were collected and washed two times with RPMI-1640
medium. After washing, cells were resuspended in 4 mL red blood
cell lysing buffer (Biolegend, RBC Lysis Buffer) and incubated for
5 min at room temperature. Following two subsequent washes, the
cell pellet was resuspended in RPMI-1640 medium supplemented
with 10% FBS, 100 U/mL penicillin, and 0.1 mg/mL streptomycin for
use in further infection experiments. To differentiate human mono-
cyte-derived macrophages (HMDM), isolated PBMC were seeded on
poly-L-lysine-coated coverslips in 24-well plate and cultured in
RPMI-1640 medium supplemented with L-glutamine, 10% FBS,
1 £ penicillin/streptomycin, 10 mM HEPES, and 50 ng/mL hGM-CSF
(PeproTech) for up to 7 days differentiation.

2.4. Mice dendritic cell culture

Bone marrow cells extracted from femur of 8 to 12-week-old
female BALB/c mice were cultured in RPMI-1640 medium supple-
mented with L-glutamine, 10% heat inactivated-FBS, 1 £ penicillin/



J. Deng et al. / EBioMedicine 70 (2021) 103505 3
streptomycin, 10 mM HEPES, 50 mM b-mercaptoethanol, and 20 ng/
mL mGM-CSF (PeproTech) for up to 7 days differentiation.

2.5. Bacterial strains

S. aureus USA300 strain (provided by Professor Richard Yi-Tsun
Kao, USA300 FPR3757 MRSA) and its isogenic adsA variant were
grown in Brain Heart Infusion (BHI) at 37 °C. Unmarked, non-polar
deletion of adsA was constructed using plasmid pKOR1 as described
previously [31]. Briefly, 5’- and 3’-flanking regions of adsA were PCR
amplified from chromosomal DNA of S. aureus USA300 strain with
primers AdsA-UF (5’ CGGAATTCTGCGGCTCATGCAATGAC 3’), AdsA-
UR (5’ GGCACTGACATGTTCGAGACTTGCCATAATC 3’), AdsA-DF (5’
AGTCTCGAACATGTCAGTGCCTAAAGGTAG 3’), and AdsA-DR (5’
GGGGTACCTCCCTACAGCTAAAATGG 3’). Individual PCR products
were then mixed to generate an in-frame deletion pattern of adsA.
The overlapping amplicon containing the in-frame deletion pattern
was sub-cloned into pKOR1, to generate pKOR1-DadsA. The recombi-
nant plasmid pKOR1-DadsA was introduced into DH5a, followed by
electro-transformation into S. aureus RN4220 and subsequently into
USA300. The selection of allelic replacement was performed as
described previously. The deletion of AdsA was further confirmed by
PCR using primers AdsA-UF/AdsA-DR and inner primers AdsA-IF (5’
TATCCATGGCCGACTAGC 3’)/AdsA-IR (5’ ACCTGTTTGTGCCAATGC 3’)
specific for the deleted sequence and DNA sequencing. The adsA com-
plemented plasmid padsAwas constructed from pALC2084 by replac-
ing the tetracycline-inducible promoter with adsA promoter (700 bp
upstream of the start site) and replacing the GFP reporter gene with
the full length sequence of adsA. The complemented plasmid padsA
was electro-transformed into S. aureus RN4220 and subsequently
into USA300.

2.6. Animals

Animal care and experimental protocols were performed in accor-
dance with the Association for Assessment and Accreditation of Labo-
ratory Animal Care guidelines (www.aaalac.org) and with approval
from our institutional animal care and use committee at The Univer-
sity of Hong Kong (CULATR5163-19). BALB/c and C57BL/6 mice were
provided by the Laboratory Animal Unit, The University of Hong
Kong. Nlrp3�/� and Casp1�/� transgenic mice were provided by Dr.
Pamaela Pui Wai Lee. Mice were housed in specific pathogen-free
facilities and 8 to 12-week-old female mice were utilized for all in
vitro and in vivo experiments.

2.7. Cell infection experiments

One day before the bacterial infection experiments, S. aureus
strains were inoculated and cultured with BHI broth overnight. Next
day, the overnight culture of bacteria were sub-cultured in fresh BHI
broth at a dilution of 1:100 and grown at 37°C. Following 3 h of cul-
ture, S. aureus was harvested and washed two to three times in cold
PBS with centrifugation. Finally, S. aureus strains were diluted in PBS
to the desired volume, yielding an OD600 of 0.5 (1 £ 108 CFU/mL), fol-
lowed by further centrifugation and resuspension to the required
bacterial concentration. The number of bacteria was determined by
serial dilution and colony formation on BHI agar plates. Mammalian
cells were plated in 24-well plates at 4 £ 105 cells/well and infected
with S. aureus strains in antibiotic-free medium at the indicated MOI.

2.8. Animal infection experiments

The protocol for harvesting and calculating WT and variant S.
aureus strains was the same as above. Before in vivo infection, age-
matched mice were weighed and randomly allocated into each
group. To induce the systemic blood infection model of S. aureus,
200mL of bacterial suspension (1 £ 107 CFU) was administered intra-
venously into naïve 6-week-old female BALB/c mice. To establish the
reinfection model, mice were intraperitoneally infected with WT S.
aureus USA300 strain, adsA mutant strain, or WT/adsA mutant strains
(4 £ 107 CFU) for a total of three times at 7-day intervals. After
14 days convalescent period, mice were rechallenged with a high
dose of WT (4 £ 107 CFU) or low dose of WT (2 £ 107 CFU). After bac-
terial infection, the health condition of mice were frequently moni-
tored in compliance with the humane end points (HEP) form. To
measure staphylococcal burden in the blood after 2 h of i.v. infection,
mice were anesthetized by intraperitoneal injection of 80�120 mg
ketamine and 3�6 mg xylazine per kilogram of body weight and
blood was collected via tail vein. Blood samples were incubated on
ice in 0.5% saponin/PBS for host cell lysis. Serial dilutions were per-
formed on BHI agar plates for colony formation. To enumerate bacte-
ria in tissues, mice were euthanized by CO2 inhalation, and organs
including lungs, spleens and kidneys were harvested and homoge-
nized in 1% Triton X-100/PBS. Aliquots of homogenates were serially
diluted and spread on BHI agar plates for colony formation. For histo-
pathology, kidneys were incubated in 4% paraformaldehyde (PFA) at
room temperature for 24 h. Tissues were embedded in paraffin, thin-
sectioned, and stained with hematoxylin-eosin for examination by
microscopy.

2.9. In vitro restimulation of splenocytes

Animals were sacrificed at indicated time points in the reinfection
model. Spleens were harvested and grinded into a cell suspension.
After centrifugation, splenocytes were subject to red blood cell lysing,
washing, and filtering. The single-cell suspension was cultured in
RPMI-1640 media supplemented with 10% FBS, 100 U/mL penicillin
and 0.1 mg/mL streptomycin. For restimulation, splenocytes were
seeded on 24-well plates at 4 £ 105 cells/well and stimulated with
heat-killed S. aureus at a MOI of 5 for 4 days. Cultured supernatants
were collected for measurement of cytokines by ELISA. For intracellu-
lar cytokine analysis, splenocytes were seeded on 24-well plates at
4 £ 105 cells/well and stimulated with heat-killed S. aureus at a MOI
of 5 for 1 day in the presence of brefeldin A. The following antibodies
were used for flow cytometry analysis: anti-Mouse IL-17A APC (cat.
506915; Biolegend), anti-Mouse IFN-ɣ Brilliant Violet 421TM (cat.
505830; Biolegend), anti-Mouse CD3 FITC (Thermo Fisher Scientific
Cat# 11-0032-82, RRID:AB_2572431), and anti-Mouse CD4 PE-Cya-
nine7 (Thermo Fisher Scientific Cat# 25-0041-82, RRID:AB_469576).

2.10. BMDC stimulation and flow cytometry analysis

After differentiation, BMDC were plated in 24-well plates at
4 £ 105 cells/well and infected with S. aureus strains at the indicated
MOI. For surface marker analysis, cells were detached with PBS con-
taining 5 mM EDTA and then incubated in FACS buffer (PBS contain-
ing 3% FBS and 0.1% sodium azide). Cells were incubated with
purified neutralizing monoclonal antibodies against CD16:CD32 (Fc
Block; Biolegend) for 15 min at 4 °C. Next, cells were stained with
specific antibodies for 30 min at 4 °C in the dark. The following anti-
body were used for flow cytometry analysis: anti-Mouse I-A/I-E FITC
(BD Biosciences Cat# 553623, RRID:AB_394958), anti-Mouse CD86
PE (BD Biosciences Cat# 553692, RRID:AB_394994), and anti-Mouse
CD40 PE (BD Biosciences Cat# 553791, RRID:AB_395055). The stained
cells were analyzed by flow cytometry (ACEA NovoCyte Quanteon)
with FlowJo 10.4.0 software (TreeStar, Co).

2.11. Cell viability assay and ELISA

Cultured supernatants of relevant cells were collected and centri-
fuged at 13,000 rpm for 4 min to remove cell debris and bacteria. Lev-
els of LDH in cultured supernatants were measured by CytoTox 96
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Non-Radioactive Cytotoxicity Assay kit (Promega). Cell viability was
measured by CellTiter Glo Luminescent Cell Viability Assay (Prom-
ega). ELISA assay was performed according to the manufacturer’s
instructions.

2.12. Generation of CRISPR-Cas9 knockout cell lines

All THP1 knockout cell lines used in this study were generated
using Cas9-encoding lentiCRISPRv2 vector from Zhang Feng lab
(Addgene plasmid #52961). Single guide RNAs (sgRNAs) targeting
human AIM2, NLRP3, PYCARD and caspase-1 were designed using
the online sgRNA Designer from Broad Institute. All sgRNAs were
annealed and cloned into plasmid lentiCRISPRv2 according to Zhang
Feng’s protocol. The lentiviral particles were produced from
HEK293T cells transfected with lentiCRISPRv2 vector and two pack-
aging plasmids pMD2.G and psPAX2 (Addgene plasmids #12259 and
#12260) using PEI-MAX (Polysciences), followed by further concen-
tration by ultracentrifugation. THP-1 cells were transduced by spino-
culation in the presence of 8 mg/mL polybrene. A polyclonal
population was selected using 1 mg/mL puromycin for at least 1
week. Genetic ablation was verified byWestern blot analysis.

2.13. RNA interference

Sequences of siRNAs are listed in Table S1. All siRNAs were
designed according to previously published studies and synthesized
by GenePharma (Shanghai, China). The control siRNA (negative con-
trol) was provided by GenePharma. Lipofectamine� RNAiMAX
Reagent (Invitrogen) was used for transient transfection of siRNAs
into BMDC. At 48-72 h after transfection, BMDC were prepared for
the bacterial infection experiment.

2.14. Western blotting

For detection of the cleaved form of caspase-1, cell culture super-
natants were precipitated by methanol-chloroform method. The
supernatant was mixed with an equal volume of methanol and 0.25
volumes of chloroform, vortexed, and then centrifuged for 15 min at
20,000 x g. The upper phase was discarded and the interphase was
mixed with methanol. After centrifugation for 5 min at 20,000 x g,
the pellet was resuspended in 2x SDS-PAGE sample buffer and boiled
for 5 min at 100 °C. Protein samples were separated by 15% SDS-
PAGE and then transferred onto PVDF membranes. Total cell lysates
were prepared in RIPA buffer (50 mM Tris-Cl, pH 7.4, 150 mM NaCl,
1% Triton X-100, 0.1% SDS, 1% sodium deoxycholate and 0.5 mM
EDTA) supplemented with 1x protease inhibitor cocktail (Roche) and
boiled for 5 min at 100 °C. Lysate aliquots were separated by SDS-
PAGE and transferred onto PVDF membranes. Blots were probed
with primary antibody: rabbit anti-caspase-1 (1:1000, Abcam, Cat#
ab179515, RRID:AB_2884954), mouse anti-b-actin (1:5000, Sigma-
Aldrich, Cat# A5316, RRID:AB_476743) and rabbit anti-NLRP3
(1:1000, Cell Signaling Technology, Cat# 15101, RRID:AB_2722591).
Anti-rabbit/mouse antibodies conjugated to HRP were used as sec-
ondary reagents. All the antibodies are authenticated by companies
and relevant documentations were provided in Supplemental Data.

2.15. RNA isolation and quantitative reverse transcription PCR

Total RNA was extracted from cells using TRIzol Reagent (Invitro-
gen) and 1 mg total RNA was used for reverse transcription (Takara)
according to manufacturer’s instructions. The cDNA was used for
the quantitative RT-PCR analysis using Applied Biosystems
StepOnePlusTM Real-Time PCR System and SYBR Premix Ex Taq kit
(Takara) according to the manufacturer’s instructions. Primers of the
genes of interest are listed in Table S1. The data were normalized to
GAPDH and fold change in gene expression was calculated using the
comparative CT method (2�DDCT).

2.16. Statistical analysis

Data were presented as mean § SD. Data from in vitro experi-
ments were assumed to follow a normal distribution. Unpaired Stu-
dent’s t test was used to compare means from two groups. One-way
analysis of variance (ANOVA) with Bonferroni correction was used to
compare means among multiple groups. For data not following nor-
mal distribution, non-parametric Mann-Whitney U test was used.
Log-rank test was used for the survival analysis. All statistical tests
were performed in GraphPad Prism 8.0 and Microsoft Excel. A P value
less than 0.05 was considered to be statistically significant.

2.17. Ethics statement

All the animal experiments were done in compliance with the NIH
Guide for the Care and Use of Laboratory Animals (National Acade-
mies Press, 2011) and were approved by the Animal Ethics commit-
tees of The University of Hong Kong.

2.18. Role of funding source

Funders providing financial support for this study do not partici-
pate in study design, data collection, data analyses, interpretation, or
writing of report.

3. Results

3.1. S. aureus adsAmutant strain elicits potent inflammatory responses

To explore the role of AdsA in modulating host immune
responses, we first generated an adsA mutant strain based on
USA300 background by allelic replacement [31]. BALB/c mice were
infected with intravenous (i.v.) injection of 107 CFU S. aureus USA300
adsA mutant, adsA-complemented strain, or wild type (WT) USA300
strain. The level of representative pro-inflammatory cytokines in the
blood was quantified by enzyme-linked immunosorbent assay
(ELISA). Our results showed that mice infected with adsA mutant
strain had significantly higher levels of TNF-a, IL-6, IL-1b, and IFN-ɣ
compared with mice infected with WT or adsA-complemented
strains (Fig. 1a) Consistent with previous work [29], mice infected
with adsA mutant displayed enhanced bacterial clearance in the
blood (Fig. S1a, b). Quantitative real-time polymerase chain reaction
(qRT-PCR) analysis of tissue samples from infected mice showed sig-
nificantly upregulated mRNA expressions of IL-6 and IL-1b in the
liver and lung, and IFN-ɣ in the liver, lung, and spleen in response to
adsA variant infection (Fig. 1b, c, d). These effects were not caused by
differences in the bacterial load in these tissues, as colony-forming
units (CFUs) recovered from the two groups were comparable (Fig.
S1c, d). In agreement with the observations in mice, primary human
monocyte-derived macrophages (HMDM) infected with adsA mutant
showed upregulated mRNA levels of TNF-a, IL-6, IL-1b, and IFN-ɣ
compared with cells treated with WT or complemented strains
(Fig. 1e). Collectively, these findings suggest that AdsA suppresses
the production of pro-inflammatory cytokines during systemic S.
aureus infection.

3.2. S. aureus inhibits inflammasome activation via AdsA and adenosine
production

Upon infection by S. aureus, host immune responses are widely
activated including the production of pro-inflammatory cytokines
and the recruitment of neutrophils to the site of infection. Many of
these responses are involved in the activation of inflammasomes.



Figure 1. - S. aureus adsA mutant strain elicits potent inflammatory responses. (a) ELISA analysis of TNF-a, IL-6, IL-1b, and IFN-ɣ in blood collected from BALB/c mice infected
with wild type (WT) USA300 strain, adsA mutant strain, or adsA complemented strain (107 CFU, i.v., 3 h post-infection) (n = 5 mice per group; **P < 0.005,***P < 0.001, Mann-Whit-
ney U test, Data are shown as mean § SD). (b) qPCR analysis of TNF-a, IL-6, IL-1b, and IFN-ɣ mRNA expression in liver harvested from BALB/c mice infected with WT, adsA mutant,
or adsA complemented strains (107 CFU, iv, 24 h post-infection) (n = 3; *P < 0.05, ***P < 0.001, n.s. P > 0.05, Student’s t test, Data are shown as mean § SD). (c) qPCR analysis of
TNF-a, IL-6, IL-1b, and IFN-ɣmRNA expression in lung harvested from BALB/c mice infected with WT, adsAmutant, or adsA complemented strains (107 CFU, i.v., 24 h post-infection)
(n = 3; *P < 0.05, **P < 0.005, n.s. P > 0.05, Student’s t test, Data are shown as mean § SD). (d) qPCR analysis of TNF-a, IL-6, IL-1b, and IFN-ɣ mRNA expression in spleen collected
from BALB/c mice infected with WT, adsA mutant, or adsA complemented strains (107 CFU, i.v., 24 h post-infection) (n = 3; **P < 0.005, n.s. P > 0.05, Student’s t test, Data are shown
as mean § SD). (e) qPCR analysis of TNF-a, IL-6, IL-1b and IFN-ɣ mRNA expression in HMDM infected by WT strain or adsA mutant strain (MOI=100; 8 h) (n = 3; *P < 0.05, ***P <

0.001, Student’s t test, Data are shown as mean § SD). Data are representative of three independent experiments.
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Inflammasome have two major biological roles: (i) the maturation
and secretion of potent inflammatory cytokine IL-1b and (ii) the
induction of pyroptosis [19]. We demonstrated that mice intrave-
nously infected with adsA mutant strain had significantly higher IL-
1b level in the blood compared with mice infected with theWT strain
(Fig. 1a), implying that S. aureus AdsA might suppress inflammasome
activation. To further examine the activation of inflammasome in
responses to S. aureus infection, we examined the viability of HMDM
after infection with either WT or the adsAmutant strains. The cell via-
bility assay showed that adsAmutant killed 75% of HMDM at 6 h post-
infection, whereas the wild type strain only induced cell death in 34%
of infected HMDM at the same time point (Fig. 2a). To further dissect
the mode of cell death (i.e., apoptosis, pyroptosis, or necroptosis)
induced by the mutant strain, specific pharmacological inhibitors
were used to block the corresponding cell death executor. Our data
demonstrated that treatment with pan-caspase inhibitor Z-VAD-FMK
or caspase-1 inhibitor VX765 rescued adsA mutant-induced cell
death, indicating AdsA might attenuate caspase-1 activity during S.
aureus infection (Fig. 2b). We further examined the effect of AdsA on
caspase-1-dependent inflammasome activation by lactate dehydro-
genase (LDH) release assay, ELISA for detection of IL-1b, and immu-
noblot analysis of caspase-1 activation. The LDH release assay
showed that AdsA prevented pyroptosis, and ELISA detected IL-1b
production in HMDM and peripheral blood mononuclear cells
(PBMC) (Fig. 2c). In line with above findings, the immunoblot analy-
sis demonstrated the wild type strain impeded caspase-1 activation
(cleaved p10 and p12 band) in human macrophages and monocytes
from different donors compared with the adsA mutant (Fig. 2d). Con-
sistently, we obtained similar results from THP-1-derived macro-
phages (Fig. S2a). Activation of inflammasomes in different cell types
can initiate different immune responses. As dendritic cells (DC) serve
as a central bridge for adaptive immunity, we next explored the role
of AdsA in regulating IL-1b release from DC. Our results showed that
AdsA suppressed IL-1b release and caspase-1 cleavage in mouse
bone marrow-derived dendritic cells (BMDC) (Fig. 2e). A previous
study reported that AdsA could facilitate adenosine production by
catalyzing the degradation of adenosine monophosphate (AMP) [29].
Adenosine is a physiological immune modulator, which inhibits the
secretion of pro-inflammatory cytokines. However, its role in IL-1b
production during S. aureus infection is unclear. We speculated that
wild type S. aureus may suppress inflammasome activation by AdsA-
mediated generation of adenosine. In agreement with our hypothesis,
IL-1b release and immunoblot analysis in BMDC infected with adsA
mutant showed impaired inflammasome activation when pretreated
with adenosine (Fig. 2f). Taken together, these results demonstrate
that AdsA attenuates caspase-1-dependent inflammasome activation
and IL-1b secretion in immune cells, inhibiting host immunity during
the S. aureus infection.

3.3. AdsA dampens NLRP3 inflammasome-mediated IL-1b release via
the adenosine/A2AR axis

As DC are professional antigen-presenting cells (APC) and are crit-
ical mediators for initiating T lymphocytes lineage differentiation,
inflammasome activation in DC could have a profound influence on
cellular immunity. We, therefore, sought to further delineate the
detailed mechanism by which AdsA attenuates inflammasome acti-
vation in BMDC by using pharmacological inhibitors and siRNA-
mediated knockdown. Previous reports demonstrated that phagocy-
tosis-linked PGN degradation is essential for NLRP3 inflammasome
activation during S. aureus infection [23]. To determine whether
NLRP3 inflammasome is affected by AdsA, BMDC infected with WT or
adsA mutant were treated with NLRP3-specific inhibitor MCC950.
The results showed that IL-1b release in BMDC during S. aureus infec-
tion was primarily induced through NLRP3, as NLRP3 inhibitor
MCC950 largely dampened IL-1b production to similar levels after
caspase-1 inhibitor VX765 treatment (Fig. 3a). Consistent with previ-
ous studies, pretreatment with Cytochalasin D, a potent inhibitor of
actin polymerization and phagocytosis, potently suppressed IL-1b
production in BMDC (Fig. 3b). The MCC950 treatment largely pre-
vented the release of IL-1b in BMDC infected with either WT or adsA
mutant strains, indicating NLRP3 inflammasome mostly contributes
to the release of IL-1b upon S. aureus infection, implying a role of
AdsA in modulating NLRP3 inflammasome. To rule out any potential
off-target effects due to the pharmacological inhibitors, we con-
ducted infection experiments in BMDC with siRNA-mediated knock-
down of key genes involved in inflammasome signaling, including
AIM2 (absent in melanoma 2, an intracellular DNA sensing inflamma-
some), NLRP3, and ASC (PYD and CARD domain containing protein, a
common downstream molecule of AIM2 and NLRP3) (Fig. S3a). The
results showed that IL-1b production was significantly decreased in
BMDC with knockdown of NLRP3 and ASC, but not AIM2, which fur-
ther confirms that only NLRP3 inflammasome is activated in S. aureus
infection (Fig. 3c). Similar results were observed in THP-1-derived
macrophages with individually ablated AIM2, NLRP3, ASC, and cas-
pase-1 by CRISPR-Cas9 editing (Fig. S3b).

The immune modulatory characteristics of adenosine are attrib-
uted to its four trans-membrane receptors: A1, A2A, A2B, and A3
[32]. Activation of these receptors can induce pro-inflammatory or
anti-inflammatory effects. The abundance and distribution of these
four receptors vary in different cell types and tissues. Among them,
A2A receptor (A2AR) is known for its anti-inflammatory role in
immune cells. Hence, we evaluated whether the AdsA/adenosine/
A2AR signaling pathway is implicated in NLRP3 inflammasomes in
dendritic cells. Our result showed that addition of ZM241385, a selec-
tive pharmacological inhibitor of A2AR in BMDC infected with WT
strain increased IL-1b production to a level comparable to adsA
mutant infection (Fig. 3d). We examined whether the attenuated
production of IL-1b mediated by the adenosine/A2AR signaling was
due to the perturbation of the priming signal of NLRP3 inflamma-
some. Our results showed that adenosine treatment in BMDC
decreased the mRNA expression level of NLRP3 when stimulated by
live S. aureus, TLR2 agonist (Pam3CSK4), or TLR4 agonist (LPS),
respectively (Fig. 3e, f). Moreover, adenosine also inhibited NLRP3
expression at the protein level in a dose-dependent manner (Fig. 3g).
Taken together, our results suggest that AdsA specifically inhibits
NLRP3 inflammasome activation via adenosine/A2AR axis in dendritic
cells.

3.4. AdsA inhibits DC maturation and perturbs cytokine milieu for
optimal T cell immunity

Increasing evidence shows that inflammasomes help establish
adaptive immunity through promoting the production of danger sig-
nals or bioactive cytokines [33]. The pro-inflammatory cytokine IL-
1b can manipulate extensive immune responses through IL-1R sig-
naling in a paracrine or autocrine manner. As AdsA can inhibit IL-1b
production in BMDC, we next sought to characterize the role of AdsA
in modulating dendritic cell function, particularly the cytokine milieu
for developing protective immunity. We first evaluated the activation
and maturation of BMDC under in vitro settings. Flow cytometry anal-
ysis showed the BMDC infected with adsA variant displayed higher
expressions of DC maturation markers including CD40, CD86, and
major histocompatibility complex (MHC) II in comparison to WT
strain infection (Fig. 4a). Furthermore, mRNA expression and ELISA
analysis showed that AdsA inhibited production of Th17-polarizing
cytokines including IL-1b, IL-6, and IL-23 (with the exception of TGF-
b) in S. aureus-infected BMDC (Fig. 4b & c). In contrast, IL-10, an anti-
inflammatory cytokine reported to inhibit Th17 development, was
upregulated in BMDC infected with the WT strain compared with the
mutant strain (Fig. 4b). Intriguingly, we also found that Th1-polariz-
ing cytokine IL-12 was significantly induced at both mRNA and



Figure 2. - S. aureus inhibits inflammasome activation via AdsA and adenosine production. (a) Analysis of cell viability changes in HMDM after infection with wild type (WT)
USA300 strain or DadsA mutant strain (MOI=100; 3 to 8 h) (n=3; *P < 0.05, **P < 0.005, Student’s t test, Data are shown as mean § SD). (b) Analysis of cell viability changes in
HMDM after infection with WT strain or adsAmutant strain (MOI=100; 8 h) in the absence or presence of indicated drugs [Z-VAD-FMK, 25 mM; VX765, 20 mM; Necrostatin-1 (Nec-
1), 5 mM] (n=3; *P < 0.05,**P < 0.005, n.s. P > 0.05, Student’s t test, Data are shown as mean § SD). (c) Analysis of LDH release and IL-1b release in PBMC and HMDM after infection
(MOI=100; 6 h) (n=3; *P < 0.05,**P < 0.005, Student’s t test, Data are shown as mean § SD). The numbers under the lanes indicate the cleaved caspase-1 band intensity, which was
normalized to b-actin. (d) Western blot analysis of indicated proteins in the supernatant (SN) or cell lysate in PBMC and HMDM after infection with WT strain or adsA mutant strain
(MOI=100; 6 h; #1 donor 1 and #2 donor 2). The numbers under the lanes indicate the cleaved caspase-1 band intensity, which was normalized to b-actin. (e) Analysis of IL-1b
release and immunoblot of indicated proteins in the supernatant (SN) or cell lysate in BMDC after infection with WT strain or adsA mutant strain (MOI=20; 6 h) (n=3; ***P < 0.0001,
Student’s t test, Data are shown as mean § SD). The numbers under the lanes indicate the cleaved caspase-1 band intensity, which was normalized to b-actin. (f) Analysis of IL-1b
release and immunoblot of indicated proteins in the supernatant (SN) or cell lysate in BMDC after infection with adsA mutant strain (MOI=20; 6 h) in the presence or absence of
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protein levels in BMDC infected with adsAmutant (Fig. 4b & c). Over-
all, our data indicate that Adenosine synthase A can hinder matura-
tion of dendritic cells and suppress production of Th polarizing
cytokines, implying a role of AdsA in coordinating subsequent Th1/
Th17 immunity.
3.5. AdsA suppresses Th17 responses via NLRP3 inflammasome and
A2AR pathway in vivo

To assess the impact of AdsA on adaptive immunity, we adopted a
murine reinfection model described elsewhere [8]. In this model,
BALB/c mice were infected with intraperitoneal (i.p.) injection of WT
or adsA mutant strains for a total of three times. At day 28 after the
last infection, mice in both groups were rechallenged with a high or
low dose of WT S. aureus USA300 (Fig. 5a). Importantly, the survival
rate of mice repeatedly infected with adsA mutant (70%) was signifi-
cantly higher (p < 0.05, Log rank test) than in mice infected with the
WT strain (20%) or complemented strain (30%) (Fig. 5b). This result
indicates that prior exposure to adsA mutant confers better protec-
tion to the host against subsequent S. aureus infections, which reveals
that AdsA is a key immune evasion factor of S. aureus in suppressing
the establishment of protective immunity. To examine whether AdsA
has an impact on Th1/Th17 responses, spleens were harvested from
infected mice on day 7 and 20 (1st and 3rd i.p. infection, respec-
tively). Extracted splenocytes were stimulated with heat-killed S.
aureus and cultured for ELISA detection of IL-17A and IFN-ɣ produc-
tion. ELISA and intracellular cytokine staining analysis of splenocytes
showed that mice challenged with adsA mutant had increased pro-
duction of IL-17A and IFN-ɣ, indicating enhanced Th17 and Th1
responses in these mice compared with mice infected with WT
(Fig. 5c & d, Fig. S4). In regard to humoral responses, adsA variant
immunization induced higher levels of total IgG and S. aureus-specific
IgG in the serum compared with the WT immunization group
(Fig. 5e). Similar results for antibody responses were also observed in
mice with first i.p. infection (Fig. S5). The adsA mutant immunization
elicited a better immune response and conferred improved protec-
tion compared with WT immunization. When challenged with low
dose of S. aureus, the bacterial load in the kidneys of mice repeatedly
treated with adsA mutant was significantly lower than in mice
treated with the WT strain (Fig. 5f). Histological analysis showed the
kidneys of mice in mock and WT treatment groups developed more
and larger abscesses compared with the adsA mutant immunization
group (Fig. 5g).

The role of inflammasome/IL-1b/IL-1R signaling in the develop-
ment of antigen-specific Th17 responses is well defined [20,34]. Our
in vitro experiments using BMDC indicated that AdsA dampens
NLRP3 inflammasome-mediated IL-1b release via A2A receptor
(Fig. 3e). We next evaluated whether the adenosine/A2AR/NLRP3
axis contributes to Th17 development during the course of S. aureus
infection using an in vivo model. In line with in vitro infection experi-
ments, wild type S. aureus challenge in mice pretreated with A2AR-
specific antagonist KW6002 developed stronger Th17 responses than
in mice pretreated with the vehicle control. However, treatment with
caffeine, a pan adenosine receptor antagonist, did not influence Th17
immunity (Fig. 5h). Furthermore, upon wild type S. aureus challenge,
mice pretreated with caspase-1 inhibitor VX765 or NLRP3 inhibitor
MCC950 showed decreased IL-17A production compared with mice
pretreated with vehicle controls, indicating a role of NLRP3 inflam-
masome in the differentiation of S. aureus-specific Th17 immunity. In
addition, Casp1�/� and Nlrp3�/� mice showed no differences in the
development of Th17 responses when immunized with WT S. aureus
USA300 or its isogenic adsA variant strains (Fig. 5i). Taken together,
adenosine (100 mM) (n=3; ***P < 0.001, Student’s t test, Data are shown as mean § SD). The n
malized to b-actin. Data are representative of two independent experiments.
we demonstrated that AdsA suppresses Th17 immunity in vivovia the
adenosine/A2AR/NLRP3 axis, contributing to recurrent S. aureus
infection.
4. Discussion

A characteristic of S. aureus infection is that it can impair and
evade the host immunity, leading to persistent and recurrent infec-
tions [4]. In particular, it was reported that a failure to establish T cell
responses is critical in recurring S. aureus infections [8,15]. In this
study, we demonstrated that AdsA can suppress the production of
pro-inflammatory cytokines, which are important in the develop-
ment of protective T cell responses. In addition, we also revealed a
mechanism of AdsA in the evasion of protective host Th17 immunity
through downregulating NLRP3 inflammasome-mediated IL-1b
release. Overall, our findings extend our understanding of host-path-
ogen interactions during S. aureus infection.

As the inflammasome is crucial for innate immunity signaling in
host-pathogen interactions, it stand to reason that it also plays an
essential role in the pathogenesis of S. aureus infections [16]. Mice
with impaired inflammasome activity have decreased neutrophil
recruitment, resulting in impaired bacterial clearance at the site of
the infection [24]. It is well established in several murine models that
NLRP3 inflammasomes are activated in S. aureus infection. The under-
lying mechanisms involved in S. aureus-mediated NLRP3 inflamma-
some activation can be divided into two pathways: [1] pore forming
toxins (hemolysin, leukocidin and Panton-Valentine leukocidin)
secreted by S. aureus rupture the cellular membrane, leading to
potassium efflux-dependent NLRP3 inflammasome activation; or [2]
phagocytosis and lysosomal degradation of S. aureus peptidoglycan
contribute to NLRP3 inflammasome-mediated IL-1b release [23,35].
In our study, we stimulated BMDCwith live S. aureus instead of bacte-
rial culture filtrates containing large amount of PFTs. We found that
BMDC pretreated with MCC950 or cytochalasin D showed little IL-1b
production, implying that phagocytosis-dependent NLRP3 activation
was predominant in our in vitro infection assay. The production of IL-
1b is reported to be regulated by RIP1/RIP3/MLKL mediated necrop-
tosis, which constrains excessive inflammation [36]. However, in our
study, use of a necroptosis inhibitor did not apparently prevent S.
aureus-induced cytotoxicity. The in vitro infection assay in our study
also highlighted a role of adenosine signaling in S. aureus-mediated
IL-1b production, as A2AR antagonist suppressed IL-1b release. How-
ever, our results do not preclude the possibility that AdsA can sup-
press inflammasomes in vivo by other mechanisms. In a murine
model, bacterial infection increased extracellular ATP levels and
NLRP3 inflammasome activation, thereby promoting anti-bacterial
immunity [37]. Given that AdsA is capable of degrading extracellular
ATP, it is possible that AdsA could suppress IL-1b production by
decreasing ATP levels in vivo.

Mechanistically, we demonstrated that the AdsA/adenosine/A2AR
axis can affect S. aureus-induced IL-1b release by interfering with the
priming signal of NLRP3 inflammasome. In general, adenosine
directly acts on the A2a receptor and inhibits NF-kB/p38 MAPK sig-
naling activity, thereby downregulating the expression of pro-inflam-
matory cytokines including TNF-a, IL-6, and IL-1b [15,38]. In contrast
to our findings, another study reported that adenosine and A2a
receptor signaling enhanced NLRP3 inflammasome activation by
amplifying the priming signal [39]. Different from the infection con-
ditions in our study, they treated bone marrow-derived macrophages
(BMDM) with adenosine after a long period of LPS priming. Neverthe-
less, these findings indicate adenosine plays a complex role in the
regulation of inflammasome at different stages of bacterial infection.
umbers under the lanes indicate the cleaved caspase-1 band intensity, which was nor-



Figure 3. - Adenosine synthase A dampens NLRP3 inflammasome-mediated IL-1b release via A2a receptor. (a) Analysis of IL-1b release in BMDC infected with wild type (WT)
USA300 strain or adsA mutant strain (MOI=20; 6 h) in the absence or presence of indicated drugs (MCC950, 10 mM; VX765, 10 mM) (n=3; n.s. P > 0.05, ***P < 0.001, Student’s t test,
Data are shown as mean § SD). (b) Analysis of IL-1b release in BMDC infected with WT strain or DadsA mutant strain (MOI=20; 6 h) in the absence or presence of indicated drug
(Cytochalasin D, 5 mM) (n=3; ***P < 0.001, Student’s t test, Data are shown as mean § SD). (c) Analysis of IL-1b release after siRNA-mediated knockdown of Aim2, Nlrp3 and Asc in
BMDC infected with WT strain or DadsA mutant strain (MOI=20; 6 h) (n=3; n.s. P > 0.05, *P < 0.05, **P < 0.005, Student’s t test, Data are shown as mean § SD). (d) Analysis of IL-1b
release in BMDC infected with WT strain or DadsA mutant strain (MOI=20; 6 h) in the absence or presence of indicated drug (ZM241385, 10 mM) (n=3; ***P < 0.001, Student’s t test,
Data are shown as mean § SD). (e) qPCR analysis of NLRP3 expression in indicated BMDC infected with adsA mutant strain (MOI=5 or 10; 4 h) in the absence or presence of adeno-
sine (100mM) (n=3; **P< 0.005, Student’s t test, Data are shown as mean§ SD). (f) qPCR analysis of NLRP3 expression in indicated BMDC treated with LPS (100 ng/mL) or Pam3CSK4

(100 ng/mL) for 4 h in the absence or presence of adenosine (100 mM) (n=3; **P < 0.005, Student’s t test, Data are shown as mean § SD). (g) Immunoblot analysis of NLRP3 protein
level in BMDC pretreated with a series of doses of adenosine and stimulated with LPS (100 ng/mL) for 4 h. Data are representative of two independent experiments.
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Figure 4. - Adenosine synthase A inhibits DC maturation and perturbs cytokine milieu for optimal T cell immunity. (a) Flow cytometric analysis of the expression of matura-
tion markers including MHC-II, CD86, and CD40 in BMDC infected with wild type (WT) USA300 strain or DadsA mutant strain (MOI=10; 16 h) (n=3; *P < 0.05, **P < 0.005, Student’s
t test, Data are shown as mean § SD). (b) qPCR analysis of IL-1b, IL-6, IL-23, TGF-b, IL-12, and IL-10 mRNA expression in BMDC infected with WT strain or adsA mutant strain
(MOI=10; 8 h) (n=3; *P < 0.05, ***P < 0.001, n.s. P > 0.05, Student’s t test, Data are shown as mean § SD). (c) ELISA analysis of IL-1b, IL-6, IL-23, and IL-12 in culture supernatant col-
lected from BMDC infected with WT strain or adsA mutant strain (MOI=10; 8 h) (n=3; *P < 0.05, **P < 0.005, ***P < 0.001, Student’s t test, Data are shown as mean § SD). Data are
representative of two independent experiments.
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Figure 5. - Adenosine synthase A restrains Th17 response via NLRP3 inflammasome and A2aR pathway. (a) Schematic diagram for S. aureus intraperitoneal reinfection model.
(b) Survival of 3x reinfected BALB/c mice rechallenged with wild type (WT) USA300 strain [4 £ 107 CFU, i.v. (intravenously)] for 14 days (n = 10 mice per group; *P < 0.05, Kaplan-
Meier survival curves were generated, Log rank test was performed). (c) ELISA analysis of IL-17A and IFN-ɣ in culture supernatant from splenocytes (harvested from 3x infection
mice) restimulated by heat-killed S. aureus USA300 (MOI=5, 4 days) (n = 6 mice per group; **P < 0.005, Mann-Whitney U test, Data are shown as mean § SD). (d) ELISA analysis of
IL-17A and IFN-ɣ in culture supernatant from splenocytes (harvested from 1x infection mice) restimulated by heat-killed S. aureus USA300 (MOI=5, 4 days) (n = 6 mice per group;
**P < 0.005, Mann-Whitney U test, Data are shown as mean § SD). (e) ELISA analysis of mean total and S. aureus-specific IgG levels in the serum frommice reinfected with WT strain
or adsAmutant strain (4 £ 107 CFU, i.p.) at day 17 (n = 8 mice per group; **P < 0.005, ***P < 0.001, Mann-Whitney U test, Data are shown as mean § SD). (f) CFU analysis of staphylo-
coccal burden in kidneys from 3x reinfected BALB/c mice rechallenged with WT strain for 3 days (2 £ 107 CFU, iv) (n = 6 mice per group; **P < 0.005, Mann-Whitney U test, Data are
shown as mean§ SD). (g) Representative kidney H&E-stained histologic sections at 3 days in the reinfection model, Scale bars, 100mm. (h) ELISA analysis of IL-17A in culture super-
natant from splenocytes (harvested from 3x infection mice treated with indicated inhibitors and vehicle control) restimulated by heat-killed S. aureus USA300 (MOI=5, 4 days) (n = 5
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Figure 6. - Schematic summary of AdsA in the modulation of NLRP3-mediated IL-1b release and Th17 differentiation.
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The detailed mechanism of adenosine/A2AR axis in the modulation of
NLRP3 inflammasome during S. aureus infection merits further inves-
tigation.

To date, several lines of evidence have shown that inflammasome
plays a critical role in shaping adaptive immunity. Inflammasome-
inducing IL-1 family of cytokines instruct the differentiation of naïve
T cells into various subtypes [33]. Among these cytokines, IL-1b pro-
motes the differentiation of Th17 cells via IL-1R signaling [20]. For
example, adenylate cyclase toxin (CyaA) from Bordetella pertussis was
reported to induce antigen-specific Th17 immune responses through
the NLRP3/IL-1b/IL-1R axis [34]. Similar results were also observed
using a common adjuvant, complete Freund's adjuvant, which was
able to promote IL-1b/IL-1R signaling-dependent Th17 immunity
[40]. In addition, some cancer chemotherapeutic agents can activate
NLRP3 inflammasome in myeloid-derived suppressor cells, resulting
in impaired anti-tumor activity through enhanced pro-angiogenic
Th17 responses [41]. In line with these observations, our results
showed that mice treated with VX765 or MCC950 had decreased IL-
17A production upon restimulation, suggesting a role of NLRP3
inflammasome in establishing S. aureus-specific Th17 responses.
These IL-1b-mediated Th17 responses can protect against S. aureus
infection, as reported by other groups [15,42]. We highlighted a role
of AdsA in suppressing the protective Th17 responses by impairing
the NLRP3/IL-1b/IL-1R axis. In our study, we found AdsA also dis-
rupted the Th1 immune response. Although Th1 immunity is orches-
trated by another critical inflammasome-mediated IL-1 family of
cytokines, IL-18, we did not observe an apparent decrease in IFN-ɣ
production in mice treated with VX765, suggesting that AdsA may
inhibit Th1 responses via a caspase-1 independent mechanism.

Since Thammavongsa et al first identified that AdsA can interfere
with host immune responses, several mechanisms of how AdsA inter-
feres with anti-S. aureus immunity has been revealed. AdsA can
improve bacterial survival in the blood by hijacking phagocytic killing
of neutrophils via adenosine signaling [29]; AdsA can induce caspase-
3 dependent apoptosis of phagocytic macrophages in tissue
mice per group; *P<0.05, **P < 0.005, ***P<0.001, ANOVA followed by Bonferroni correction,
splenocytes (harvested from 3x infection wild type C57BL/6 mice, Casp1�/� and Nlrp3�/� mic
**P < 0.005, ***P<0.001, ANOVA followed by Bonferroni correction, Data are shown as mean §
abscesses, leading to persistent infection [27]; and AdsA can inhibit
the expression of an antimicrobial peptide, type IIA secretory phos-
pholipase A2, in respiratory infections [30]. However, the exact role
of AdsA in adaptive immunity remains elusive. Our study is first to
show that AdsA inhibits the development of optimal humoral
responses and Th1/Th17 immunity during S. aureus infection. Consis-
tently, our previous work also demonstrated that AdsA is a potential
vaccine target [43]. Mice immunized with aluminum hydroxi-
de�formulated recombinant AdsA (rAdsA) exhibited resistance to S.
aureus skin and invasive infection in respective murine models.
Besides, the current study also demonstrated a role of adenosine/
A2AR/NLRP3 axis in dampening Th17 immunity. Moreover, a recent
study showed that preliminary anti-S. aureus immune responses
could be inhibited after the initial exposure to S. aureus, making it dif-
ficult to induce efficient T cell immunity in subsequent vaccinations
in human [44]. Besides, adenosine was reported to enhance the
immunosuppressive activities of regulatory T cells (Tregs) [45], indi-
cating a potential approach of AdsA in modulating host immune
responses and meriting further investigation in the future work. Our
findings add to our understanding of how S. aureus virulence factors
constrain host protective immunity and expand the scope of thera-
peutic approaches.

In summary, our work (illustrated in Fig. 6) highlights that S.
aureus can subvert protective immune responses through a cell-wall
anchored immune evasion factor AdsA. The results further demon-
strate that AdsA restricts Th17 immune responses via the A2AR/
NLRP3/IL-1b axis that promotes the survival of S. aureus in subse-
quent infections. A better understanding of how S. aureus evades
host immunity will facilitate the development of treatment strategies
against S. aureus infection.
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