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Summary sentence: The Gram-negative bacterium Salmonella Typhimurium suppresses human

macrophage inflammasome responses via the Salmonella Pathogenicity Island 2
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AbbreviatQ

ASC, affoptosterassociated speck-like protein; BMM, bone-marrow derived macrophage; GSDMD,
Gasderminﬁ/lDM, human monocyte-derived macrophage; IL, interleukin, LDH, lactate

b

dehydrogenase: , lipopolysaccharide; NAIP, NLR family, apoptosis inhibitory protein; NLRC4,

C

NLR fami -domain containing protein 4; NLRP3, NLR family PYRIN-domain containing

IS

protein 3; V, Salmonella-containing vacuole; siRNA, small interfering RNA; SPIL, Salmonella

Pathogenicity [ ; T3SS, type 11 secretion system.

Abstract

dll

Inflam: signaling hubs that activate inflammatory caspases to drive cytokine maturation

and cell 1 mmasome activation by Sa/monella Typhimurium infection or Salmonella-derived

i

molecules is extensively studied in murine myeloid cells. Salmonella-induced inflammasome

signaling i human innate immune cells, is however, poorly characterized. Here, we show that

f

Salmonella lon to inactivate the Salmonella pathogenicity island-2 type III secretion system

O

(SPI2 T3S tiates S. Typhimurium-induced inflammasome responses from primary human

macrophaggs, resulting in strong IL-1 production and macrophage death. Inactivation of the SPII

h

T3SS quman macrophage responses to WT and ASPI2 Salmonella. Salmonella ASPI2
elicited a wammasome response from human myeloid cells, in which NLRC4 and NLRP3

perform somewhat redundant functions in generating IL-1f and inducing pyroptosis. Our data suggest

employs the SPI2 T3SS to subvert SPI1-induced NLRP3 and NLRC4 inflammasome

responses in human primary macrophages, in a species-specific immune evasion mechanism.
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T

The balferfifS@Monella can cause gastroenteritis or systemic infection in humans and mice [1].
Murine inhodels have revealed the importance of the inflammasome signaling pathway in
host prote@gion inst this bacterium [2, 3], particularly in myeloid innate immune cells (e.g.
macrophammrrier defense cells (e.g. gut epithelial cells). Inflammasomes are signaling
platforms that enable the activation of inflammatory caspases (caspase-1/4/5 in humans, caspase-1/11

in mouse) [4]. Up@n activation, these cysteine proteases orchestrate a form of lytic cell death, termed

pyroptosis m‘[osis is mediated by Gasdermin D (GSDMD), which is cleaved by caspase-1/4/5

to generat -p30 that forms plasma membrane pores to mediate osmotic swelling and cell
lysis [6-9]8Ca -1 also cleaves pro-inflammatory cytokines, such as IL-1f and IL-18, into their
active, S.

Salmonellagencodes virulence factors organized into Salmonella Pathogenicity Islands (SPIs). Of

these, SPI1 [10] and SPI2 [11] have especially important functions during infection, and both encode

type 1II sé& @ ystems (T3SSs) that allow the injection of effector proteins into the host cell

cytosol to cell responses. Under in vitro growth conditions, SPI1 is strongly expressed
during gog-growth phase, while SPI2 expression is upregulated during stationary-growth
phase [Mmlence factors allow the establishment of the replication niche, the Salmonella-
containing Vacuo;S(SCV). Previous studies have demonstrated that multiple inflammasome sensors
recognize S la Typhimurium in murine cells. For example, flagellin [12] and components of
the Sal@l T3SS (e.g. prgl, prgl) are recognized by murine NAIPs [13, 14] triggering the
assembly of the NAIP/NLRC4 inflammasome which activates caspase-1 [15]. SCV lysis releases the

4
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bacterium into the cytosol, where it is detected by the non-canonical inflammasome [16-18]. This
inflammasome assembles when murine caspase-11, or human caspase-4/5, directly detect Salmonella
lipopolysad€haride (LPS) [17]. Like caspase-1, these caspases cleave GSDMD to induce membrane
pore forma ad pyroptosis [6, 19]. Caspase-4/5/11 do not directly cleave IL-13, but do so

indirectly, asukINEfflux via GSDMD pores activates the NLRP3 inflammasome, triggering caspase-1-

dependent hmaturation [16,20-22].

Despite thwance for human infectious diseases, human host defense mechanisms (e.g.

inflammasome resonses) against Salmonella are poorly understood [23]. Here, we characterize the

response of acrophages to Salmonella Typhimurium infection, in which NLRP3 and NLRC4
inflammas ction somewhat redundantly to drive cell death and IL-1pB production. These
studies highlx new inflammasome subversion function for SPI2 specifically in human

macrophages, and suggest a close interplay between SPI1 and SP12 during Sa/monella Typhimurium

infection. E

2 Materiahﬁhods

2.1 Macroerentiation and culture

Human C:!4+ monocytes were isolated from screened buffy coats (provided by the Australian Red
Cross) Wemrifugation with Ficoll-Paque Plus (GE Healthcare) followed by MACS-based

CD14+ semMiltenyi Biotec). C57BL/6 mice were housed under specific pathogen-free

conditions niversity of Queensland, and used as a source of bone marrow progenitors for

differengi to macrophages. Macrophage differentiation from human CD14+ monocytes and

murine bone ma was described previously [24]. Gene knockdown was performed using 500nM
5
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Stealth siRNA, transfected into cells using Lipofectamine LTX (0.4%) and PLUS reagent (0.1%), and
then incubated for 48 h. siRNA against ASC (HSS147064 and HSS147066; Life Technologies) versus
a controm&dium GC Content Duplex #3; Life Technologies) were used, relative to a mock
transfectioransfection reagent only). All experiments with human primary cells and
procedumesimve@imimg mice were approved by the University of Queensland Medical Research Ethics

CommitteeLniversity of Queensland Animal Ethics Committee.

O

Primary n‘mes and the THP-1 myeloid cell line were cultured in RPMI medium (Life
Technologies) supplemented with 10% heat-inactivated fetal calf serum, 2 mM L-glutamine with 5%

CO2 at 37°C. Primary macrophages were additionally supplemented with 150 ng/mL endotoxin-free

colony-sti ing factor (CSF)-1 (University of Queensland Protein Expression Facility). THP-1
cells were ated for 48 h with 10 ng/mLL. PMA (Sigma) prior to stimulation. Gene-deficient
THP-1 cell re generated by CRISPR/Cas9 gene editing and were extensively validated before
use [20, 2

2.2 Bacterlw, infection and gene expression analysis

Isogenic Salmonella enterica serovar Typhimurium SL1344, in which the SPIl or SPI2
T3SS wer non-functional by targeting inv4 (ASPI1) or ssaR (ASPI2), were generated by
gene re ing the A Red Recombinase system, where the chromosomal copy of the gene of

interest wa! replaced with a kanamycin resistance cassette [26]. The strain in which both SPI1 and

SPI2 T3S 1sabled, by targeting orgd and ssaV (ASPI1/ASPI2), was previously described
Statig ase bacteria were prepared by overnight culture in Luria broth (LB) at 37°C with
agitation , supplemented with kanamycin (mutant strains only). Log-phase bacteria were

prepared by sub-culture of 1:40 diluted stationary-phase bacteria to mid-log-phase in fresh LB (~3 h).
6
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Bacteria were washed twice with sterile PBS before cell infection at a multiplicity of infection (MOI)
of 25 bacteria/cell unless otherwise indicated. Following the addition of bacteria, cells were
centrifugw g for 5 mins and incubated at 37°C in 5% CO2. 1 h post-infection, 20 pg/mL
gentamici @ ed to the cell culture media to kill extracellular bacteria. For analysis of bacterial
gene expressiommstrains were cultured to log growth phase, subject to enzymatic lysis, and DNA-free
total RNA acted by in-column purification (RNeasy mini kit, Qiagen). 1 pg of the purified
RNA was @d to cDNA by incubation with random hexamers at 65°C for 5 mins (Invitrogen),
before addigi SuperScript III reverse transcriptase and 0.1 M dithiothreitol (Invitrogen), and
incubationm

for 10 mins, 50°C for 50 mins, and 85°C for 5 mins. Relative cDNA abundance

was quantified relswe to the bacterial housekeeping gene ftsZ by SYBRGreen (Applied Biosystems)

quantitativting gene-specific primers.
2.3 Inﬂamnmzssays

Primary macr es were primed for 4 h with 100 ng/mL ultrapure E. coli K12 LPS (Invivogen)
before %dia with Opti-MEM containing 150 ng/mL CSF-1 plus an inflammasome agonist.
Inﬂammasges were triggered with Salmonella Typhimurium SL1344, or 10 pM nigericin (Sigma).
Where indic cells were exposed to the caspase-1/4 inhibitor, VX765 (25 uM HMDM, 50 uM
THP-1) or 3 inhibitor, MCC950 (10 uM), during the final 30 mins of cell priming, and
maintairﬂell stimulation. Triton fractionation to isolate the ASC speck without crosslinking
was per oxe ai 'Previously reported [28], with the minor modification that centrifugation was

performed ﬁmpera‘cure. Lactate dehydrogenase (LDH) release was monitored to measure cell

death 4 h i masome stimulation using the CytoTox 96 Non-Radioactive Cytotoxicity Assay
(Prome s otherwise specified. IL-1p secretion into the culture medium was quantified 20 h
after inflamm stimulation by ELISA (IL-1B Ready-Set-Go! kits, eBioscience).

7
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2.4 Immunﬁlottin'

Immunobl¢ @ is was performed according to standard protocols [29]. Primary antibodies were
rabbit aﬂtiwl (Santa Cruz A-19, 1:1000), mouse anti-caspase-4 (Santa Cruz 4B9, 1:500),
rabbit anti- (Abcam EP876Y, 1:1000), rabbit anti-IL-1B (Santa Cruz H-153, 1:1000), rabbit
anti-ASC (Banta @ruz N15, 1:1000), and mouse anti-tubulin (Sigma-Aldrich B-5-1-2, 1:5000).

Secondary mges were horse anti-mouse-HRP (Cell Signaling 7076, 1:5000), goat anti-rabbit-

HRP (Cell Signalgtg 7074, 1:5000) and donkey anti-mouse-HRP (Cell Signaling 7076, 1:5000).

U

2.5 Statisti&l analysis

[)

Data were [@n for significant differences using a paired parametric Students t-test (single time

a

point d -way ANOVA (time course data) using Prism 7 (Graphpad). Differences were

considered sig nt when the p-value was less than or equal to 0.05 (*), 0.01 (**), 0.001 (***),

\

0.0001

3 Results

or

3.1 SPI2 subverts human macrophage cell death and IL-1[ responses

h

To cha i inflammasome response of human macrophages against Salmonella, human

monocyte-derivedWnacrophages (HMDM) were infected with WT Sal/monella Typhimurium SL1344

ut

grown under SPUepromoting conditions (log-phase) to mimic the early phase of host infection.

HMD ‘ﬂ Iso infected with isogenic mutants of SL1344, in which SPIl or SPI2 T3SS were

rendered non-functional via deletion of key components of these systems (ASPIl, ASPI2).
8
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Macrophages were spin-infected to promote Sa/monella uptake by phagocytosis, and inflammasome
responses such as cell death and cytokine production were monitored. WT Salmonella induced
moderatMropwlge death and IL-1p secretion, and this was markedly reduced by SPI1 mutation
(Fig. 1A-B @ ing the importance of SPI1 in Salmonella recognition when this bacterium is

grown #hdEM@EPhase growth conditions. Unexpectedly, ASPI2 Salmonella induced stronger cell

death (Fig. IL-1B (Fig. 1B) responses than WT Salmonella in HMDM. ASPI2 Salmonella-
induced magro death was rapid, evident as early as 1 h post-infection (Supplementary Fig. 1).
Similar to own to log phase, when Salmonella was grown to stationary growth phase, SPI12

mutation promoted HMDM cell death and IL-1B production, particularly at a high multiplicity of

infection ( ntary Fig. 2). Collectively, these data indicate that Salmonella SP12 subverts the
defense resﬂf human macrophages.

Murine es infected with log-phase WT Salmonella are reported to mount strong
inflammasome onses [30]. We confirmed this, by infecting murine bone marrow-derived
macrop ) with log-phase Salmonella strains. Salmonella infection indeed elicited robust

BMM cell fath and IL-1P responses, via Salmonella SPI1 (Fig. 1C-D). Intriguingly, inactivation of

the SPI2 T3 id not affect Salmonella-induced cell death or IL-1p secretion in BMM, while SPI1
mutation s duced such responses (Fig. 1C-D). This indicates that the SPI2 system subverts
cell death -1B responses in primary human but not murine macrophages, suggestive of a

§

species-spegific inflammasome evasion mechanism.

L

AU
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3.2 Human macrophage death and IL-1[ production is elicited by Salmonella SPI1 and suppressed by

As Salmonmr:cy in the SPI1 T3SS abrogated HMDM cell death and IL-1pB secretion, this

suggested ponses require macrophages to detect bacterial proteins translocated through
I

the SPI1 TSS, or components of the SPI1 T3SS itself [13, 14]. To determine whether the SPI2 T3SS

SPI2

machinery allo almonella to evade inflammasome responses elicited by the SPI1 T3SS system,
we infectemfls with WT, ASPI2, ASPI1 and ASPI1/ASPI2 Salmonella. The potent cell death
responses Wy WT or ASPI2 Salmonella required SPI1 function, as these were ablated by SPI1
single or thation (ASPI1, ASPI1/ASPI2; Fig. 2A). IL-1P secretion induced by WT and ASPI2
Salmonella was also markedly suppressed when the SPI1 T3SS was inactivated (ASPII,
ASPI]/ASIEZB). As SPI1 is required for active invasion of macrophages, we confirmed that

Salmonell doubly deficient for SPI1 and SPI2 were effectively internalized by HMDM in

our assays. Bacterial uptake by phagocytosis, and bacterial survival, were indeed unaffected by

SPI1/SPI2 deficiency (Supplementary Fig. 3). In all, these data suggest a model in which

Salmon presses SPI1-induced human macrophage cell death and IL-1f production.

L

We next ¢ @ whether SPI2 suppression of SPIl-induced responses occurs through bacterial

transcriptional regulation. We monitored bacterial expression of flagellin loci (fIjB and fliC), whose

gene pr anslocated into the macrophage cytosol via the SPI1 T3SS, and inflammasome-

activati ts of the SPI1 T3SS itself. SPI2 mutation did not upregulate expression of fliC

t

(Supplementary Big. 4A), but did promote expression of fljB and the SPI1 T3SS components, prgl

b

and prgJ (Sup entary Fig. 4B-D). Conversely, SPI2-encoded genes, ssaR and ssrB were

upregul rains with single or double SPI1 mutation (Supplementary Fig. 4E-F). This suggests

s

that SPI2-dependent evasion of Salmonella-induced human macrophage responses may involve the
10
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repression of inflammasome-activating components of the SPI1 T3SS and/or FljB. Importantly, SP12-

dependent inflammasome evasion is evident in human but not mouse macrophages; this suggests that

{

SPI1-indu macrophage responses occur at distinct thresholds between species, and SPI2-driven

mechanis gly effective in evading the human response.

rip

3.3 WT and AS Salmonella induces human myeloid cell death and IL-1f secretion via the

G

inflammasomge way

S

Macropha ath and IL-1p production are hallmarks of inflammasome signaling. To confirm

that these

Ui

s induced by Salmonella ASPI2 were indeed mediated via the inflammasome

pathway, pre-treated HMDM with VX765, a caspase-1/4 inhibitor that blocks signaling by

#

canonical infla somes and the caspase-4 non-canonical inflammasome [31]. VX765 blocked

&

HMDM celh d Fig. 3A) and IL-1B secretion (Fig. 3B) induced by WT and ASPI2 Salmonella.
The im ase-1/4 inhibition by VX765 was also assessed in infected THP-1 myeloid cells

differenti PMA to resemble human macrophages. VX765 suppressed, but did not entirely

M

block, THP-1 cell death induced by WT and ASPI2 Salmonella (Fig. 3C), indicating that other

1

pathways ase-5) also contribute to death of ASPI2-infected THP-1, as we previously

observed fi infected with WT Salmonella [20]. VX765 ablated IL-1f3 production induced by

G

WT and ASPIZ Salmonella in THP-1 myeloid cells (Fig. 3D). WT and ASPI2 Salmonella thus elicit

IL-1PB a ge death via one or more inflammasome signaling pathways.

th

3.4 The NL inflammasome is redundant for HMDM responses to ASPI2 Salmonella

Salmone ther Gram-negative bacteria can activate the non-canonical inflammasome during

Au

infection of murine and human macrophages [20-22, 32, 33]. Caspase-11/4/5 signaling in this
11
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pathway leads to cell death and resultant activation of the NLRP3 inflammasome, thereby generating
caspase-1-dependent IL-13. The NLRP3 inflammasome is thus required for IL-1[ production but not
pyroptom settings [20-22, 32, 33]. To determine whether log-phase ASPI2 Salmonella
induces a athway of non-canonical NLRP3 signaling in human primary macrophages, we
treated P SEpFed HMDM with MCC950, a potent NLRP3 inhibitor [34], prior to infection with
WT or AS nella. HMDM were stimulated in parallel with the NLRP3 agonist, nigericin, as a
positive comtrol NLRP3 activation and inhibition by MCC950 [34]. MCC950 indeed reduced
HMDM dmlL—lﬁ secretion in nigericin-stimulated macrophages (Fig. 4A-B). MCC950 did
not, howe ress pyroptosis or IL-1B production elicited by WT or ASPI2 Salmonella. As
caspase actiyatigagleads to auto-processing, we also monitored the cleavage of caspase-1, caspase-4

and caspatf upon HMDM infection with WT versus ASPI2 Salmonella. WT and ASPI2 SL1344

triggered cleavage of caspase-1 to generate the 10 kDa free CARD domain, recently characterized to

occur whefjac aspase-1 auto-processes to inactivate its protease function [28]. WT and ASPI2
SL134 red cleavage of caspase-1 to generate p33 caspase-1 that is part of an active
caspase- species [28]. WT and ASPI2 SL.1344 additionally induced cleavage of caspase-4,

but not caspase-5, in HMDM (Fig. 4C and Supplementary Fig. 5). The caspase-1 p33 and caspase-4
p32 cleavamms were more intense in HMDM infected with ASPI2 as compared to WT SL1344

(Fig. 40C), g that SPI2 mutation potentiates Salmonella-induced caspase-1/4 activation in

HMDM. CleaVage of caspase-1 and IL-1f3 was unaffected by HMDM pre-treatment with MCC950

(Fig. 4@6 NLRP3 inflammasome is either dispensable for HMDM pyroptosis and IL-1f3
productwalmonella infection, or its functions are redundant with another inflammasome.

The caspase-4 nonianonical inflammasome likely contributes to infection-induced death of HMDM.

12
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3.5 ASC is dispensable for Salmonella-induced pyroptosis but is required for maximal IL-1f

production

ASC is a gi daptor protein that is recruited to canonical inflammasomes, whereupon ASC
polymerizeae, ‘speck’-like complex. ASC specks are also formed during non-canonical
H I
inﬂammasse signaling, because GSDMD pores induced by the non-canonical caspase-4
inflammas igger a second wave of inflammasome signaling via NLRP3 [16, 20-22]. Our
previous duted that the NLRP3 inflammasome activated by the non-canonical pathway was
dispensablwﬁ production during WT and ASPI2 Salmonella infection (Fig. 4). To confirm
that a can ammasome contributes to signaling in WT and ASPI2 Salmonella-infected cells,
we monitc: speck formation using a biochemical assay in which cells are fractionated to

isolate theSSC speck within the triton-insoluble fraction. THP-1 cells that were deficient for both

CASP4/5 mmable to signal via the non-canonical pathway were used for these studies, to

identify can@ni flammasome responses without the potential for caspase-4/5-dependent NLRP3-
induce eck formation. Cells were also exposed to VX765 to prevent cell death and release of
the AS into the culture supernatant. ASC speck isolation in ACASP4/5 THP-1 revealed that

ASPI2 Salmonella induced strong ASC polymerization independently of the non-canonical pathway
(Fig. SA).h for caspase-1 further revealed the presence of active caspase-1 upon the ASC

speck in A @ ected THP-1 (p33 band, Fig. 5A). This confirmed that ASPI2 Salmonella elicits

signalingbﬁlical ASC-caspase-1 inflammasome.

=

ASC is required§by canonical inflammasomes for caspase-1-dependent IL-1B production. To

determine whethergSalmonella-induced HMDM inflammasome responses required ASC, we silenced

using siRNA, relative to controls (mock transfection and non-targeting siRNA, Fig.

5B). 48 h later, HMDMs were infected with Salmonella strains, or exposed to nigericin to activate

13
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NLRP3. ASC silencing suppressed nigericin-induced cell death and IL-1p production (Fig. 5C-D),
indicating that the level of ASC knockdown (Fig. 5B) was sufficient for functional ablation. ASC
knockdoMt affect HMDM death induced by WT or ASPI2 Salmonella (Fig. 5C). ASC
knockdower, significantly reduce IL-1p production from HMDM infected with WT or
ASPI2 Sl (Fig. 5D). In all, these data suggest that polymeric ASC, engaged through a
canonical inflammasome pathway, contributes to IL-13 production but is dispensable for pyroptosis
induced by SPI2 Salmonella. Such a profile is consistent with signaling by NLRC4, in which

ASC is requL-IB production but is not absolutely required for macrophage death [30, 35].

-

3.6 The N@d NLRP3 inflammasomes function redundantly to induce IL-1f production and

pyroptosis during human myeloid cell infection with ASPI2

The NLRC4%co*€€eptor, NAIP, senses various Sal/monella proteins (e.g. prgl and prgl, flagellin) and
the NAI 4 inflammasome is thus a strong candidate for inflammasome responses to
Salmon ans [23]. We next sought to determine whether NLRC4 is the canonical
inflammasome responsible for IL-1p production and pyroptosis elicited by WT and ASPI2

Salmonella.h cells sufficient or deficient for NLRC4 (Cas9 versus ANLRC4) were primed with

LPS, infeWT and ASPI2 Salmonella, and monitored for cell death and IL-1p secretion.

Previous studiessimiSa/monella-infected murine macrophages showed functional redundancy between
the NL RP3 inflammasomes [27, 36], so we also inhibited NLRP3 function in these cells,
by expomo MCC950 prior to infection. Alternatively, cells were pre-treated with VX765 to
block caspase-1/4-@lependent responses. THP-1 death induced by WT Salmonella was suppressed by
NLRC4 defici r caspase-1/4 inhibition, and was unaffected by MCC950 (Fig. 6A), indicating
that NL ndent caspase-1 drives pyroptosis in this context. Cell death induced by ASPI2

Salmonella was suppressed by MCC950 only when NLRC4 function was additionally ablated,
14
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indicating that the NLRC4 and NLRP3 inflammasomes perform redundant functions in ASPI2-
induced pyroptosis (Fig. 6A). Of note, THP-1 death induced by WT and ASPI2 Salmonella was only
partially by functional ablation of NLRP3 and NLRC4 (Fig. 6A), or inhibition of caspase-
1/4 (Figs. dicating that other pathways also contribute to death in this cell type; this is
consistefit Wit aole for the caspase-5 non-canonical inflammasome in driving THP-1 pyroptosis as
we have p demonstrated during WT Sal/monella infection of these cells [20]. By comparison,
caspase-1/4inhibififon ablated HMDM death induced by WT and ASPI2 Salmonella infection (Fig.

3A). IL-1PB ion elicited by THP-1 infection with WT and ASPI2 Salmonella showed a similar

Ser

inhibition

profile to - 1l death responses to infection, in which NLRC4 deficiency sensitized cells to
950 (Fig. 6B), and NLRP3 inhibition ablated the residual IL-1B response of

NLRC4—de§16nt cells. Together, these data indicate that ASPI2 Sal/monella induces pyroptosis and

IL-1pB producti ia the redundant activities of the NLRC4 and NLRP3 inflammasomes.

4 Discussion

The inflammasome response to Salmonella Typhimurium has been characterized in detail in murine

macrophagwe macrophage infection with stationary-phase Salmonella Typhimurium initially

leads to Sq sequestration within the SCV, but host cell mechanisms eventually rupture the

SCV to release the bacterium into the macrophage cytosol [37]. Salmonella LPS thereby becomes
exposed to€aspase-11, activating non-canonical inflammasome signaling and inducing the pyroptotic
death 0“ cell [37]. Caspase-11-induced death also induces NLRP3-dependent IL-1
production [16, §&, 21, 27, 37]. By contrast, murine macrophages infected with log-phase S.
Typhimurium rapidly sense this bacterium via the NLRC4 inflammasome, leading to caspase-1-
depend tosis and secretion of mature IL-1 [38]. Herein, NAIPs sense the Salmonella SPI1
T3SS and bacterial proteins translocated through this apparatus, triggering NLRC4 inflammasome

15
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activation and signaling [15]. Log-phase Salmonella also activates signaling by the NLRP3

inflammasome in murine macrophages, which provides some functional redundancy with the NLRC4

e * |
H I
Human inwne responses to Salmonella are less well characterized [23] but our study suggests

respons

the dual N@RC4 inflammasome responses of mouse macrophages to this bacterium [27, 36]
are also conserved in human macrophages. Our data indicate that during human myeloid cell infection
with log-p and ASPI2 S. Typhimurium, both the NLRP3 and NLRC4 inflammasomes
pathways a@ed, leading to production of mature IL-1 and cell death. Co-signaling by these
canonical i somes may be a mechanism for human myeloid cells to ensure host defense
against intﬁ Salmonella. Whilst functional co-deficiency of NLRP3 and NLRC4 ablated IL-
1B responmpressed but did not ablate the cell death response of THP-1 infected with WT and
ASPI2 S._ T

himurium. The caspase-1/4 inhibitor VX765 suppressed THP-1 death to a similar extent

as functional co=@@ficiency of NLRP3 and NLRC4. This suggests that alternative pathways contribute

to the 1 ced cell death response of THP-1; such pathways may include pyroptosis induced

by the caspase-5 non-canonical inflammasome [20], or perhaps inflammasome/caspase8-induced

apoptotic pathways that are enabled upon caspase-1/4 inhibition [39-41]. In HMDM, however,

VX765 pre
driver of t nse in primary cells. Human-specific inflammasome regulators (e.g. COPs and
POPs) modulate human inflammasome responses to infection.

-

The human m age inflammasome response to WT Salmonella was promoted by inactivation of

t ablated infection-induced cell death, suggesting that caspase-1/4 is the sole

the SPI and macrophage inflammasome responses to WT or ASPI2 Salmonella were ablated

upon SPI1 T3SS inactivation. This suggests a model in which the Salmonella SPI1 system is a
16
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primary driver of human macrophage inflammasome responses, and the SPI2 T3SS enables bacterial
evasion of this response. Strong expression of SPI1 or SPI2 requires different environmental cues, as
SPIl—enwence factors are highly expressed during the invasion stage of infection, while
SPI2 Virul are upregulated within the intra-macrophage environment [43, 44]. SPI2
functions amememitienl for the establishment and maintenance of the SCV, and are proposed to be
essential fLal proliferation in cellulo [44, 45] and in vivo, in mice [46] and other mammals

[47, 48]. Interestingly, SPI2 mutation promoted human macrophage inflammasome responses to both

C

log and stagio phase Salmonella, suggesting an unexpected role for SPI2 effectors during

g

macrophagc®mfe®tion under log-phase growth conditions. This contrasts with murine macrophage

infection under st@fionary-phase growth conditions, where SPI2 function was required for strong

G

inflammas nses in unprimed cells [27]. Such divergent effects of SPI2 mutation may reflect

1

species-sp crophage responses, or differences caused by macrophage priming. Given that

SPI2 effect@rs as SifA maintain SCV integrity, it is possible that SPI2 mutations may destabilize

d

the SCV_and thereby increase delivery of Salmonella to the cytoplasm for sensing by cytosolic

pattern-recogni receptors. However, inflammasome responses to ASPI2 Salmonella were rapid,

M

occurri of human macrophage infection, whereas SCV destabilization in Asif4-infected

murine magrophages occurs much later, around 8 h post-infection [49]. The rapidity of the human

f

macrophage nse to ASPI2 Salmonella suggests that SPI2 subverts inflammasome responses

O

independe characterized functions in establishing and maintaining the SCV. Indeed, SPI12

effectors rol a wide variety of other processes that may allow Salmonella to evade

h

inflammasgmes 1, human macrophages [11]. In allowing Salmonella to subvert SPIl-induced

{

pyroptosis ay support the SPI1-driven active infection of human macrophages, and intra-

1

macropha, al survival. In keeping with this, we observed that some NLRC4-activating

bacterial were more strongly expressed at the mRNA level in SPI2 mutant Salmonella,

A

suggesting t -mediated suppression of fIjB, prgl and prgJ expression may be one mechanism

by which SPI2 enables evasion of human inflammasome responses. Future research should clarify the
17
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mechanism by which the SPI2 T3SS subverts human macrophage inflammasome responses, and the

importance of such a mechanism for infection of other cell types (e.g. epithelial cells) and by other

Salmone”*!rams (e.g. Salmonella Typhi).

This study, insight into the virulence mechanisms employed by bacteria to evade human

innate immiline def@nses. Our data suggests new functions for SPI2 virulence factors in the subversion

Gl

between th

of inflammasgo esponses specifically in human macrophages, and reveals an unexpected interplay
md SPI2 systems of Sal/monella Typhimurium.

U

5 Acknowlgdgements

i

We thank fAs ¢ Professor Petr Broz (University of Lausanne) for supplying the Salmonella

a

ASPI1/ASPI2 mutant strain. This work was supported by the National Health and Medical Research

Council of Austtalia (Fellowship 1141131 and Project Grant 1064945 to KS), the Australian Research

I\

Counci FT130100361, and Project DP160102702 to KS), The University of Queensland

(Postdoctoral Fellowship to D. Boucher, UQ Centennial Scholarship to D. Bierschenk), the Australian

Of

Government Department of Education and Training (International Postgraduate Research Scholarship
to D. Biers @ nd the Fonds de Recherche du Québec en Santé (Postdoctoral Fellowship to D.
Boucher). : knowledges funding from National Health and Medical Research Council of

Austral

N

144282 and 1142354), The Sylvia and Charles Viertel Foundation, HHMI-

t

Wellcome Ihternational Research Scholarship and GlaxoSmithKline.

AU

18

This article is protected by copyright. All rights reserved.



6 Authorship

D. Bierschrl:, M.il., and D. Boucher designed, executed and analyzed experiments. M.M. generated

the Salmodutants used in this study. F.M., P.J.B. and S.L.M. generated the gene-deficient

THP-1 lin is study. D. Boucher and K. Schroder designed the project and supervised the

I o
study. D. Bsrschenk, D. Boucher, and K.S. wrote the paper with input from all authors.

A/Prof Scm a co-inventor on patent applications for NLRP3 inhibitors which have been

7 Disclosu

licensed t me Ltd, a company headquartered in Dublin, Ireland. Inflazome is developing

drugs that !rget the NLRP3 inflammasome to address unmet clinical needs in inflammatory disease.

The authorm further conflicts of interest to declare.

8 Referen

1. LaRock, D. L., Chaudhary, A., Miller, S. 1. (2015) Salmonellae interactions with host

prh at Rev Microbiol 13, 191-205.

2. Sc@. and Tschopp, J. (2010) The inflammasomes. Cell 140, 821-32.

vomy Moltke, J., Ayres, J. S., Kofoed, E. M., Chavarria-Smith, J., Vance, R. E. (2013)

H

i@h of bacteria by inflammasomes. Annu Rev Immunol 31, 73-106.

{

U

4. Fuentes-Pgibr, P. and Salvesen, G. S. (2004) The protein structures that shape caspase

activi cificity, activation and inhibition. Biochem J 384, 201-32.

A

19

This article is protected by copyright. All rights reserved.



5. Man, S. M., Karki, R., Kanneganti, T. D. (2017) Molecular mechanisms and functions of

pyroptosis, inflammatory caspases and inflammasomes in infectious diseases. Immunol Rev

6. ShQY., Wang, K., Shi, X., Wang, Y., Huang, H., Zhuang, Y., Cai, T., Wang, F.,

|
Shae, F. (2015) Cleavage of GSDMD by inflammatory caspases determines pyroptotic cell

[

deatla Nature 526, 660-5.

7. Evavo . L., Ruan, J,, Tan, Y., Xia, S., Wu, H., Kagan, J. C. (2018) The Pore-Forming
Protgi dermin D Regulates Interleukin-1 Secretion from Living Macrophages. Immunity

48,

U

S Ruhl, S., Mulvihill, E., Pipercevic, J., Heilig, R., Stahlberg, H., Farady, C. J.,

*
W
j o

M > D.J., Broz, P., Hiller, S. (2016) GSDMD membrane pore formation constitutes the

me€ha of pyroptotic cell death. EMBO J 35, 1766-78.

d

, Dick, M. S., Sborgi, L., Meunier, E., Hiller, S., Broz, P. (2018) The Gasdermin-D

s as a conduit for IL-1beta secretion in mice. Eur J Immunol 48, 584-592.

y

10. Qug, F., Wu, S., Huang, R. (2013) Salmonella pathogenicity island 1(SPI-1) at work. Curr
Mi&@ 582-7.
11. JenO., Thurston, T. L. M., Holden, D. W. (2017) Salmonella SPI-2 Type III Secretion

SyStem Effectors: Molecular Mechanisms And Physiological Consequences. Cell Host

g

Migrobe 22 217-231.

{

12. Franchi, Amer, A., Body-Malapel, M., Kanneganti, T. D., Ozoren, N., Jagirdar, R.,

Ul

Inohara Vandenabeele, P., Bertin, J., Coyle, A., Grant, E. P., Nunez, G. (2006) Cytosolic

requires Ipaf for activation of caspase-1 and interleukin 1beta in salmonella-infected

A

macrophages. Nat Immunol 7, 576-82.
20

This article is protected by copyright. All rights reserved.



13.

14.

15.

16.

17.

18.

19.

20.

Kofoed, E. M. and Vance, R. E. (2011) Innate immune recognition of bacterial ligands by

NAIPs determines inflammasome specificity. Nature 477, 592-5.

Zh ang, J., Shi, J., Gong, Y. N., Lu, Q., Xu, H., Liu, L., Shao, F. (2011) The NLRC4
in receptors for bacterial flagellin and type III secretion apparatus. Nature 477,
I I

596;600.

Dufiican, JQA. and Canna, S. W. (2018) The NLRC4 Inflammasome. Immunol Rev 281, 115-
12

S

Kayagaki, N., Wong, M. T., Stowe, [. B., Ramani, S. R., Gonzalez, L. C., Akashi-Takamura,

S., Mivakey K., Zhang, J., Lee, W. P., Muszynski, A., Forsberg, L. S., Carlson, R. W., Dicxit,

9,

V. 3) Noncanonical inflammasome activation by intracellular LPS independent of

n

TLR#A ce 341, 1246-9.

d

Shi ., , Y., Wang, Y., Gao, W., Ding, J., Li, P., Hu, L., Shao, F. (2014) Inflammatory

es are innate immune receptors for intracellular LPS. Nature 514, 187-92.

M

ao, Y., Shao, F. (2015) Non-canonical activation of inflammatory caspases by

cytgsolic LPS in innate immunity. Curr Opin Immunol 32, 78-83.

[

Ka ., Stowe, . B., Lee, B. L., O'Rourke, K., Anderson, K., Warming, S., Cuellar, T.,

O

Ha oose-Girma, M., Phung, Q. T., Liu, P. S, Lill, J. R., Li, H., Wu, J., Kummerfeld,
S.,®hang, J., Lee, W. P., Snipas, S. J., Salvesen, G. S., Morris, L. X., Fitzgerald, L., Zhang,

Y. gBertram, E. M., Goodnow, C. C., Dixit, V. M. (2015) Caspase-11 cleaves gasdermin D for

nojal inflammasome signalling. Nature 526, 666-71.

Baker, Boucher, D., Bierschenk, D., Tebartz, C., Whitney, P. G., D'Silva, D. B., Tanzer,

th

onteleone, M., Robertson, A. A., Cooper, M. A., Alvarez-Diaz, S., Herold, M. J.,
Bedoui, S., Schroder, K., Masters, S. L. (2015) NLRP3 inflammasome activation downstream

21

This article is protected by copyright. All rights reserved.



21.

22.

23.

24.

25.

26.

of cytoplasmic LPS recognition by both caspase-4 and caspase-5. Eur J Immunol 45, 2918-

.

Ru d Broz, P. (2015) Caspase-11 activates a canonical NLRP3 inflammasome by
pr ) efflux. Eur J Immunol 45, 2927-36.

I

Sclmid-Burgk, J. L., Gaidt, M. M., Schmidt, T., Ebert, T. S., Bartok, E., Hornung, V. (2015)

Cagpase-4¥inediates non-canonical activation of the NLRP3 inflammasome in human myeloid

¢

cells, E Immunol 45, 2911-7.

S

Biersche D., Boucher, D., Schroder, K. (2017) Salmonella-induced inflammasome

activati humans. Mol Immunol 86, 38-43.

Scliroder, K., Irvine, K. M., Taylor, M. S., Bokil, N. J., Le Cao, K. A., Masterman, K. A.,

[F)

I, Semple, C. A., Kapetanovic, R., Fairbairn, L., Akalin, A., Faulkner, G. J.,

W .
& )
a

., Gongora, M., Daub, C. O., Kawaji, H., McLachlan, G. J., Goldman, N.,
ond, S. M., Carninci, P., Suzuki, H., Hayashizaki, Y., Lenhard, B., Hume, D. A.,

> M. J. (2012) Conservation and divergence in Toll-like receptor 4-regulated gene

M

expression in primary human versus mouse macrophages. Proc Natl Acad Sci U S A 109,

F

E9

M @ F., Zeng, P., Zhang, Y., Schutzle, H., Brenner, S., Hofmann, S. R., Berner, R.,

u, B., Chen, X., Zhang, L., Cheng, S., Winkler, S., Lehmberg, K., Canna, S. W.,

. E., Wicks, 1. P., De Nardo, D., Hedrich, C. M., Zeng, H., Masters, S. L. (2018)

th

mflammatory mutation in NLRC4 reveals an LRR-LRR oligomerization interface.

9

Journal of Allergy and Clinical Immunology (in press).

o, K. A. and Wanner, B. L. (2000) One-step inactivation of chromosomal genes in

A

Escher1 coli K-12 using PCR products. Proc Natl Acad Sci U S A 97, 6640-5.

22

This article is protected by copyright. All rights reserved.



27.

28.

29.

30.

31.

32.

33.

Broz, P., Newton, K., Lamkanfi, M., Mariathasan, S., Dixit, V. M., Monack, D. M. (2010)

Redundant roles for inflammasome receptors NLRP3 and NLRC4 in host defense against

|

almonella. J Exp Med 207, 1745-55.

Bol onteleone, M., Coll, R. C., Chen, K. W., Ross, C. M., Teo, J. L., Gomez, G.

|
A.gHolley, C. L., Bierschenk, D., Stacey, K. J., Yap, A. S., Bezbradica, J. S., Schroder, K.
(2018) ase-1 self-cleavage is an intrinsic mechanism to terminate inflammasome activity.

J

G

215, 827-840.

Gr 012) Measuring the inflammasome. Methods Mol Biol 844, 199-222.

S

Mariath. , S., Newton, K., Monack, D. M., Vucic, D., French, D. M., Lee, W. P., Roose-

Gingrickson, S., Dixit, V. M. (2004) Differential activation of the inflammasome by

ca =T"adaptors ASC and Ipaf. Nature 430, 213-8.

dnu

St ., Beaumont, K., Larsen, P. D., Straley, K. S., Henkel, G. W., Randle, J. C.,
an, H. M. (2005) IL-converting enzyme/caspase-1 inhibitor VX-765 blocks the

nsitive response to an inflammatory stimulus in monocytes from familial cold

autoinflammatory syndrome patients. J Immunol 175, 2630-4.

T

Aachoul, Y., Leaf, I. A., Hagar, J. A., Fontana, M. F., Campos, C. G., Zak, D. E., Tan, M. H.,
A., Vance, R. E., Aderem, A., Miao, E. A. (2013) Caspase-11 protects against

escape the vacuole. Science 339, 975-8.

gi Q’

Cagson, CgN., Copenhaver, A. M., Zwack, E. E., Nguyen, H. T., Strowig, T., Javdan, B.,

t

Br . P., Fung, T. C., Flavell, R. A., Brodsky, I. E., Shin, S. (2013) Caspase-11

U

ac response to bacterial secretion systems that access the host cytosol. PLoS Pathog

40

A

23

This article is protected by copyright. All rights reserved.



34, Coll, R. C., Robertson, A. A., Chae, J. J., Higgins, S. C., Munoz-Planillo, R., Inserra, M. C.,
Vetter, 1., Dungan, L. S., Monks, B. G., Stutz, A., Croker, D. E., Butler, M. S., Haneklaus,

M.lguﬂon, C. E., Nunez, G., Latz, E., Kastner, D. L., Mills, K. H., Masters, S. L., Schroder,

P

K. @ , M. A, ONeill, L. A. (2015) A small-molecule inhibitor of the NLRP3

iinflammeaseme for the treatment of inflammatory diseases. Nat Med 21, 248-55.

[

35. Brozg P.ggvon Moltke, J., Jones, J. W., Vance, R. E., Monack, D. M. (2010) Differential

G

req t for Caspase-1 autoproteolysis in pathogen-induced cell death and cytokine

praCesSingBCell Host Microbe 8, 471-83.

S

36. Man, S. Hopkins, L. J., Nugent, E., Cox, S., Gluck, I. M., Tourlomousis, P., Wright, J. A.,

U

Cicuta, P.., Monie, T. P., Bryant, C. E. (2014) Inflammasome activation causes dual

recii of NLRC4 and NLRP3 to the same macromolecular complex. Proc Natl Acad Sci

[l

7403-8.

a

37. , Dick, M. S., Dreier, R. F., Schurmann, N., Kenzelmann Broz, D., Warming, S.,

Roose- a, M., Bumann, D., Kayagaki, N., Takeda, K., Yamamoto, M., Broz, P. (2014)

N

activation requires lysis of pathogen-containing vacuoles by IFN-induced

GTiRases. Nature 509, 366-70.

[

38. M , Karki, R., Briard, B., Burton, A., Gingras, S., Pelletier, S., Kanneganti, T. D.

0

(20 ferential roles of caspase-1 and caspase-11 in infection and inflammation. Sci Rep

._.
)
o

7,

{

39. " B. L., Mirrashidi, K. M., Stowe, 1. B., Kummerfeld, S. K., Watanabe, C., Haley, B.,

t

Cuellar, THL., Reichelt, M., Kayagaki, N. (2018) ASC- and caspase-8-dependent apoptotic

path erges from the NLRC4 inflammasome in macrophages. Sci Rep 8, 3788.

A

24

This article is protected by copyright. All rights reserved.



40.

41.

42.

43.

44,

45.

Mascarenhas, D. P. A., Cerqueira, D. M., Pereira, M. S. F., Castanheira, F. V. S., Fernandes,

T. D., Manin, G. Z., Cunha, L. D., Zamboni, D. S. (2017) Inhibition of caspase-1 or

{

gas@lermin-D enable caspase-8 activation in the NaipS/NLRC4/ASC inflammasome. PLoS

1006502.

)

|
Sagmlenko, V., Thygesen, S. J., Sester, D. P., Idris, A., Cridland, J. A., Vajjhala, P. R.,

[

L., Schroder, K., Vince, J. E., Hill, J. M., Silke, J., Stacey, K. J. (2013) AIM2 and

6

giflammasomes activate both apoptotic and pyroptotic death pathways via ASC. Cell

Degth Piffer 20, 1149-60.

$

Indramoham, M., Stehlik, C., Dorfleutner, A. (2018) COPs and POPs Patrol Inflammasome

U

Activation. ] Mol Biol 430, 153-173.

1

Kr > C., Colgan, A., Srikumar, S., Handler, K., Sivasankaran, S. K., Hammarlof, D. L.,
Ca al Grissom, J. E., Conway, T., Hokamp, K., Hinton, J. C. (2013) An infection-
nscriptomic compendium for Salmonella enterica Serovar Typhimurium. Cell

Host e 14, 683-95.

W

Cirillo, D. M., Valdivia, R. H., Monack, D. M., Falkow, S. (1998) Macrophage-dependent

[

in the Salmonella pathogenicity island 2 type III secretion system and its role in

survival. Mol Microbiol 30, 175-88.

5
'

Shea, J. E., Waterman, S. R., Mundy, R., Nikolaus, T., Banks, G., Vazquez-

.

Gleeson, C., Fang, F. C., Holden, D. W. (1998) Genes encoding putative effector

|

proteins of the type III secretion system of Salmonella pathogenicity island 2 are required for

t

bacterial vilulence and proliferation in macrophages. Mol Microbiol 30, 163-74.

A

25

This article is protected by copyright. All rights reserved.



46.

47.

48.

49.

Shea, J. E., Beuzon, C. R., Gleeson, C., Mundy, R., Holden, D. W. (1999) Influence of the

Salmonella typhimurium pathogenicity island 2 type III secretion system on bacterial growth

|

in the mouse. Infect Immun 67, 213-9.

Q
&

Bowen, A., Morgan, E., Maskell, D. J., Wallis, T. S., Stevens, M. P. (2007)

ol

in virulence and protective efficacy in pigs of Salmonella enterica serovar Typhimurium

mponents identified by signature-tagged mutagenesis. Microbiology 153, 1940-52.

7N e} z
[¢]
SG

a ., Tripathi, B. N., Watson, P. R., Wallis, T. S. (2001) Salmonella pathogenicity

uences both systemic salmonellosis and Salmonella-induced enteritis in calves.

Infect ImMwn 69, 367-77.

U

Be e R., Meresse, S., Unsworth, K. E., Ruiz-Albert, J., Garvis, S., Waterman, S. R.,

R - A., Boucrot, E., Holden, D. W. (2000) Salmonella maintains the integrity of its

n

intgac vacuole through the action of SifA. EMBO J 19, 3235-49.

d

Author M

26

This article is protected by copyright. All rights reserved.



Figures

100 *
80+
60—

[ 40
o e 1

LPS primed - +
SL1344 - -
ASPI2 - -
ASPI1 - -

LDH release
(% of max)

Vo 4 4

P

FTkAk

100+ | ns |
80 1

60
40
20
o L= 1

I

LPS primed +
SL1344 - - F - -

. ASPI2 -
ASPI1 -

=

LDH release
(% of max)

1
+

5 =
4
0
£ 34
g
E
2 14
0
LPS primed
SL1344
ASPI2
ASPI1
104
8
=
E 61
2
= 47
4 24
04
LPS primed
SL1344
ASPI2
ASPI1

Figure 1. s Typhimurium SPI2 subverts inflammasome pathways

\
Vo o+

oo+

in human macrophages.

HMDM (D BMM (C, D) were treated with 100 ng/ml LPS for 4 h prior to S. Typhimurium

infection (

Y log-phase). Cell death was assayed by LDH release 4 h post-infection, while IL-15

secretion !s measured by ELISA 20 h post-infection. Data are mean + SEM of data pooled from five

independeq huma'donors (A, B) or four independent experiments (C, D).
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Figure 5. Afta inflammasome pathway drives ASC speck formation, which is required for WT and

ASPI2-induced HMDM IL-1f but is dispensable for pyroptosis. (A) PMA-differentiated CASP4/5-deficient THP-1
cells were pr ith 100 ng/ml LPS for 4 h, and were then left uninfected or were infected with S. Typhimurium
(MOI 25, se), in the presence of 25 pM VX765 to suppress cell death and cellular release of the ASC speck. 4 h
later, cells were then fractionated for polymeric ASC (Triton X-100 insoluble) or monomeric ASC (Triton X-100
soluble), and¥€ell fractions were analysed by immunoblot. (B-D) HMDMs were mock transfected, or transfected with

siRNA (contro -targeting) for 48 h: (B) HMDMs were primed for 4 h with 100 ng/ml LPS before cell extracts

were analysé @ nockdown by immunoblot. (C-D) HMDMs were primed for 4 h with 100 ng/ml LPS prior to S.
Typhimuriumg ion (MOI 25, log-phase), or treatment with 10 uM nigericin. LDH release and IL-1f secretion were
monitored 4 h and 20 h post-infection, respectively. Immunoblots are representative of data from three

indepeants (A, B), while graphs show mean + SEM of data pooled from six to seven independent

donors (C,D
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Figure 6. The NLRC4 and NLRP3 inflammasomes contribute to cell death, and drive IL-1f secretion during

THP-1 infection with S. Typhimurium. PMA-differentiated THP-1 cells were primed with 100 ng/ml LPS for 4 h and

1

then treated Q pM nigericin or infected with S. Typhimurium (MOI 25, log-phase). Cells were exposed to

MCC950 or V @ e final 30 mins of priming. (A) LDH release was monitored after 4 h, and (B) IL-1f secretion

was measur: h. Data are mean + SEM of five independent experiments.
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