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RESEARCH PAPER

Flanking N- and C-terminal domains of PrsA in Streptococcus suis type 2 are 
crucial for inducing cell death independent of TLR2 recognition
Xiaowu Jiang a,b, Guijun Yua, Lexin Zhua, Abubakar Siddiquec,d, Dongbo Zhana, Linhua Zhoua, and Min Yue c,e

aCollege of Medicine, Yichun University, Yichun, Jiangxi, China; bJiangxi Provincial Key Laboratory of Active Component of Natural Drugs, 
Poster-Doctoral Research Center, Yichun, Jiangxi, China; cHainan Institute of Zhejiang University, Sanya, China; dAtta Ur Rahman School of 
Applied Biosciences (ASAB), National University of Sciences and Technology (NUST), Islamabad, Pakistan; eDepartment of Veterinary 
Medicine, Institute of Preventive Veterinary Sciences, College of Animal Sciences, Zhejiang University, Hangzhou, China

ABSTRACT
Streptococcus suis type 2 (SS2), a major emerging/re-emerging zoonotic pathogen found in 
humans and pigs, can cause severe clinical infections, and pose public health issues. Our previous 
studies recognized peptidyl-prolyl isomerase (PrsA) as a critical virulence factor promoting SS2 
pathogenicity. PrsA contributed to cell death and operated as a pro-inflammatory effector. 
However, the molecular pathways through which PrsA contributes to cell death are poorly 
understood. Here in this study, we prepared the recombinant PrsA protein and found that 
pyroptosis and necroptosis were involved in cell death stimulated by PrsA. Specific pyroptosis 
and necroptosis signalling inhibitors could significantly alleviate the fatal effect. Cleaved caspase-1 
and IL-1β in pyroptosis with phosphorylated MLKL proteins in necroptosis pathways, respectively, 
were activated after PrsA stimulation. Truncated protein fragments of enzymatic PPIase domain 
(PPI), N-terminal (NP), and C-terminal (PC) domains fused with PPIase, were expressed and 
purified. PrsA flanking N- or C-terminal but not enzymatic PPIase domain was found to be critical 
for PrsA function in inducing cell death and inflammation. Additionally, PrsA protein could be 
anchored on the cell surface to interact with host cells. However, Toll-like receptor 2 (TLR2) was 
not implicated in cell death and recognition of PrsA. PAMPs of PrsA could not promote TLR2 
activation, and no rescued phenotypes of death were shown in cells blocking of TLR2 receptor or 
signal-transducing adaptor of MyD88. Overall, these data, for the first time, advanced our 
perspective on PrsA function and elucidated that PrsA-induced cell death requires its flanking 
N- or C-terminal domain but is dispensable for recognizing TLR2. Further efforts are still needed to 
explore the precise molecular mechanisms of PrsA-inducing cell death and, therefore, contribu
tion to SS2 pathogenicity.
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Introduction

Streptococcus suis is an important porcine bacterial patho
gen and zoonotic agent that causes a variety of pathologies, 
including sudden death, septic shock, and meningitis 
among pigs and humans [1,2]. S. suis type 2 (SS2) is the 
most common serotype among the 29 reported S. suis 
serotypes based on serological reactivity differences against 
the antigenic capsular polysaccharide [3]. Two large-scale 
human outbreaks of lethal SS2 infection occurred in China, 
with the novel symptom of streptococcal toxic shock-like 
syndrome (STSLS). It raises serious concerns regarding 
global public health. Moreover, these two sudden public 
health incidents challenged our understanding of sporadic 
severe S. suis infections in humans [4].

Cell death is a conserved and intrinsic immune 
defence mechanism for cells that occurs in response 

to physical damage, active and genetically programmed 
pathways during normal development and physiology, 
and pathogen infection [5,6]. Many pathogenic micro
organisms have been reported to induce eukaryotic cell 
death, by producing toxic products or secretion of 
virulence determinants that interact directly with key 
components of the death machinery [7,8]. Currently, 
the major proposed modalities of programmed cell 
death (PCD) with intricate types of machinery, includ
ing apoptosis, necroptosis, and pyroptosis, have been 
unveiled and well-defined [9–11]. Apoptosis is a typical 
non-inflammatory programmed cell death pattern 
characterized by the activation of initiator caspases 
(caspase-2, −8, −9, and −10), as well as effector caspases 
(caspase-3, −6, and −7), to cleave cellular substrates 
[12]. Apoptosis can be induced by either the intrinsic 
mitochondrial mechanism or the extrinsic receptor- 
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mediated pathway. Morphologically, apoptotic cells are 
characterized as nuclei condensing with DNA fragmen
tation, membrane blebbing, cell shrinkage, mitochon
drial permeability transition, and maintaining an intact 
plasma membrane [13]. Necroptosis refers to 
a particularly intense form of programmed necrosis 
caused by stimulating death receptors with agonists or 
danger signals and can be discriminated from apoptosis 
by nuclear and organelle swelling, an increased cell 
volume, the plasma membrane collapses, and release 
of intracellular contents [14]. Meanwhile, necroptosis 
exhibits caspase-independent release of inflammatory 
cellular contents and provokes mixed lineage kinase 
domain-like pseudokinase (MLKL) pores formation 
with the involvement of receptor-interacting protein 
kinase 1 and 3 (RIPK1 and RIPK3) signalling axis 
[5,6]. Pyroptosis is a pathway to cell death driven by 
plasma membrane pore formation based on the inflam
masome mediated caspases (caspase-1, −11, or −4/5) 
activation and is inherently inflammatory accompanied 
by secretion of inflammatory IL-1β and IL-18, and 
featured with membrane rupture, cell lysis [10,15,16]. 
The above three modes of PCD were initially consid
ered to constitute mutually exclusive cellular states, 
whereas growing evidence has shown the extensive 
interplay and intricate crosstalk within pyroptosis, 
apoptosis, and necroptosis [6,9,17]. Recently, 
PANoptosis, a novel, and highly interconnected cell 
death process, has been identified. PANoptosis is an 
inflammatory programmed cell death activated and 
controlled by a cytoplasmic multimeric protein com
plex called the PANoptosome, which can simulta
neously induce pyroptosis, apoptosis, and necroptosis 
[10,18].

Peptidyl-prolyl isomerase, one of the ubiquitously 
distributed membrane-associated lipoproteins which 
prompt the cis/trans isomerization at peptidyl bonds 
preceding proline residues, is important for proteins 
secretion and maturation by handling protein folding 
[19,20]. PrsA, a parvulin-like peptidyl-prolyl isomer
ase, has been found as a key modulator for specific 
extracellular proteins secretion and contributes to 
bacterial infection and pathogenesis in many bacteria 
such as Bacillus subtilis, Staphylococcus aureus and 
Listeria monocytogenes [21–26]. Recently, we identi
fied a PrsA homolog which was a potential effector 
in the type IV-like secretion system in a highly 
pathogenic S. suis type 2 strain that can induce 
STSLS symptoms [27]. The ΔprsA mutant was sig
nificantly attenuated in mice and prone to be cleared 
in macrophage or whole blood bactericidal environ
ment [28]. PrsA protein of SS2 was non-haemolytic, 
suggesting that PrsA may damage cellular integrity 

differently from the pore-forming cholesterol- 
dependent haemolysin as previously described [29]. 
The present study aimed to investigate PrsA-induced 
cell death modes, activation signalling pathways, and 
PrsA structural domains that control cell death. 
TLR2 receptor-mediated PrsA recognition is also 
evaluated.

Material and methods

Microbe and growth conditions

The SS2 pathogenic strain 05ZYH33 and its prsA mutant 
strain (ΔprsA) reported previously were used in this 
study [28]. The recombinant Escherichia coli (E. coli) 
BL21 strain used for PrsA protein expression was con
structed and maintained in our research laboratory. 
S. suis and E. coli strains were cultured in Brain Heart 
Infusion (BHI, OXOID, England) and Luria-Bertani 
Broth (Landbridge, Beijing) or Agar, respectively. 
Bacterial cultures were grown in a shaking incubator at 
37°C with shaking at 150 rpm. Kanamycin (Sigma, UK) 
was added to the E. coli growth medium at a final con
centration of 50 g/mL before IPTG (isopropyl – 
D-thiogalactoside) induction.

PrsA protein and truncated fragments expression 
and preparation

Three functional domains and truncated proteins, 
including enzymatic PPIase domain (PPI, 144-243aa), 
N-terminal (NP, 27-243aa), and C-terminal (PC, 144- 
333aa), were chosen as targeted fragments for recombi
nant protein expression. The primers for NP, PPI, and 
PC domains amplification and expression were listed in 
Table 1. Recombinant vectors were cloned in pET-30a, 
and protein purification was performed with a Ni-NTA 
column as previously described [30]. IPTG (1 mM) was 
used to induce full-length PrsA, NP, PPI, and PC pro
tein recombinant expression strains for 12 hours at 16 
°C. Bacterial cells were isolated and ultrasonically trea
ted. After centrifugation, supernatant soluble protein 
extracts were purified using Ni-NTA agarose chroma
tography (Novagen, Beijing, China). The purity of pro
teins was examined by SDS-PAGE and confirmed by 
western blotting with His-tag antibodies. Endotoxin 
removal and quantification of the purified recombinant 
proteins were carried out by the commercialized 
Endotoxin Removal and Chromogenic LAL Endotoxin 
Quantitative Kits (Chinese Horseshoe Crab Reagent 
Manufactory Co., China). After ultrafiltration and 
demineralization with a 10kDa hyperfiltration tube 
(Millipore, USA), the corresponding protein was then 
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filtered by a 0.22-μm filter and determined by the BCA 
protein detection kit (Beyotime, China) and store at 
−80 for future use.

Cell culture and cytotoxicity determination

PrsA stimulation and cytotoxicity were assessed in 
RAW264.7 cells, cultured in Dulbecco’s modified 
Eagle’s medium (DMEM) supplemented with 10% foe
tal bovine serum. Cells were incubated for a specific 
period at 37 °C with 5% CO2 after being treated with 
either recombinant PrsA or truncated PrsA proteins. 
Cell viability was analysed through fluorescent micro
scopic observation after staining with a LIVE/DEADTM 

Viability/Cytotoxicity Kit (Invitrogen, Eugene, OR) and 
quantified by a Lactate Dehydrogenase (LDH) 
Cytotoxicity Assay Kit (Beyotime, China) as previously 
described [27]. The synchronized treatments of PBS 
and 0.2% Triton X-100 were conducted and served as 
negative and positive controls for basal and 100% cell 
death, respectively. Cytotoxicity variation in SS2 infec
tion groups between the WT and ΔprsA strain was also 
determined with the same method at a multiplicity of 
infection (MOI) of 50 for 4hs.

Apoptosis detection

DAPI (4,’ 6-diamidino-2-phenylindole) (Sigma- 
Aldrich, USA) staining for fluorescence microscopy 
and DNA ladders detected by 1.5% agarose gel electro
phoresis were used to identify nuclei condensation and 
fragmentation, respectively. Staurosporine (200 nM), an 

apoptosis inducer, was added and treated as a positive 
control. Genomes from different cell groups were 
extracted using DNA Ladder Extraction Kit 
(Beyotime, China). After PrsA stimulation, cells were 
washed and stained with an Annexin V-FITC apoptosis 
assay kit (Beyotime, China) or TUNNEL staining kit 
(Beyotime, China) to examine the early stages of apop
tosis by flow cytometry (BD, USA) and fluorescence 
detection, respectively [31].

Detection of pyroptosis and necroptosis

The cells were pre-incubated for 1 hour at 37°C with an 
irreversible inhibitor of Ac-YVAD-cmk (100 μM, 
Selleck, China) targeting the cysteine protease caspase- 
1, as previously described [32] before being stimulated 
with PrsA protein (75 μg/ml) or infected with SS2 cells. 
Control groups consisted of cells treated with only 
recombinant proteins or SS2 cells, a particular inhibi
tor, Triton X-100, and PBS. The viability of the cells 
was assessed using the methods mentioned above. 
Small molecule inhibitors of Necrostatin-1 (Nec-1, 20  
μM, Selleck, China) and Necrosulfonamide (NSA, 10  
μM, Selleck, China) that functioned specifically to 
RIPK-1 and MLKL in the necroptosis pathway were 
used to detect necroptotic cell death [33,34].

Ultra-structural morphological observation

RAW264.7 cells were washed twice with PBS and fixed 
in 2.5% glutaraldehyde for 12 hours after PrsA protein 
stimulation. Samples for scanning and transmission 

Table 1. Primers used in this study.
Assays Primers Sequences (5’-3’) Function

PCR CGCGGATCCATGAAACAAACTAAAAAAATTCTCG recombinant PrsA protein expression
CCGCTCGAGTTACTGACCTGATGAACTAGAA
CGCGGATCCACACCTGAAGTAACAGCACGT Trunctaed PPI protein expression
CCGCTCGAGTTAAGCATCCAATTTTACAACGTAA
CGCGGATCCGCTGATAAAGATATCATTACGATGA Trunctaed NP protein expression
CCGCTCGAGTTAAGCATCCAATTTTACAACGTAA
CGCGGATCCACACCTGAAGTAACAGCACGT Trunctaed PC protein expression
CCGCTCGAGTTACTGACCTGATGAACTAGAAG

qPCR CTGAGGTCAATCTGCCCAA Inflammatory TNF-α detection
GAGCCATAATCCCCTTTCTA
TTCCATCCTGTTGCCTTCTT Inflammatory IL-6 detection
AACTCTTTTCTCATTTCCACGA
CCCAGGGCATGTTAAGGAGCT Inflammatory IL-1β detection
CTTGGCCGAGGACTAAGGAGT
CTTGACCTGTCCAATAAC qPCR for tlr2
TTGTAAGGATTTCCCAGTAA
CACTCGCAGTTTGTTGGATG qPCR for myd88
CCACCTGTAAAGGCTTCTCG
CTCGATCATGAAGTGCGACGT qPCR fo β-actin
GTGATCTCCTTCTGCATCCTGTC

RNA interference CCGCUCCAGGUCUUUCACCUCUAUU siRNA molecules for TLR2
AAUAGAGGUGAAAGACCUGGAGCGG
ACCACCAUGCGGCGACACCUUUUCU siRNA molecules for MyD88
AGAAAAGGUGUCGCCGCAUGGUGGU
UUCUCCGAACGUGUCACGUTT siRNA molecules for nagative control
ACGUGACACGUUCGGAGAATT
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electron microscopy were prepared as previously 
described [28]. Scanning and transmission electron 
microscopic images were observed in Hitachi Model 
SU-8010 and H-7650 (Hitachi, Japan), respectively.

Immunoblot analysis

Cell lysates were extracted and dissolved in a RIPA lysis 
buffer (Beyotime, China), then mixed with a 6× protein 
loading buffer before being run on a 12% SDS-PAGE. 
Proteins were then transferred to a PVDF membrane, 
blocked with 5% skim milk, washed with TBST, and 
incubated overnight at 4°C with the corresponding pri
mary antibodies for the detection of LC3-B (Sigma, 
St. Louis, USA), caspase-1 (Proteintech, CHINA), IL-1β 
(Proteintech), GSDMD (Peoteintech), pMLKL 
(Proteintech), MyD88 (Cell signalling technology, USA) 
and TLR2 (Cell signalling technology). Actin was served 
and detected as an internal control with a β-actin specific 
antibody (Proteintech). The membrane was washed with 
TBST buffer and treated with the appropriate secondary 
antibody conjugated to horseradish peroxidase as pre
viously described [35]. Executed protein blots were devel
oped by ECL detection reagents (GlpBio, USA) and 
visualized with a chemiluminescent imaging system 
(Thermofisher, USA).

Cytokines release

Quantitative real-time PCR (qPCR) analysis, as pre
viously described [27], was used to determine the 
expression of inflammatory cytokines TNFα, IL-6, and 
IL-1β in cells treated with PrsA truncated proteins at 
a concentration of 50 μg/ml for 4 hrs. The data was 
collected using an Agligent MX3000P qPCR equipment 
(Stratagene, USA), and the fold changes were assessed 
using a 2−ΔΔCt approach. The actin gene was employed 
as an internal control for normalization.

Confocal immunofluorescence assay

PrsA protein-induced targeted cell death was imaged by 
Confocal fluorescence microscopy. Briefly, RAW264.7 
cells (2–2.5 × 105 cells) cultured in DMEM medium 
were incubated with PrsA protein (50 μg/ml) for 4  
hours, then washed, and labelled with primary rabbit 
anti-PrsA antibodies, followed by Alexa Fluor 488 goat 
anti-rabbit Ab. DAPI and Alexa Fluor 568 phalloidin 
(Invitrogen) was used to stain cell nuclei and cytoplas
mic actin. Samples were then analysed by the FV-1000 
imaging system on an IX-81 confocal microscope 
(Olympus, Germany).

RNA interference

A small RNA interference strategy was used to knock 
down the expression level of TLR-2 and myeloid differ
entiation factor 88 (MyD88). Specifically, RAW264.7 
macrophages cultured in 24-well plate were transfected 
with the commercially available siRNA molecules synthe
sized from GenePharma (Table 1) by Lipofectamine 2000 
(Invitrogen) following the manufacturer’s instructions. 
After 12 hs siRNAs incubation with antibiotics free Opti- 
MEM, the percent interference efficacy was determined 
and confirmed by qPCR and western blotting analysis. 
Cells transfected with ineffective interference RNAs 
(siNC) were conducted as a negative control. Following 
TLR2 or MyD88 knocked-down assays, the cells were 
then washed and subjected to further cytotoxic PrsA 
stimulation with DMEM containing 10% FBS. The viabi
lity of the cells were determined as described above.

Statistical analysis

All the experimental results were expressed as mean ±  
square deviation. A two-tailed, unpaired Student’s t-test 
was used for statistical difference analysis. A P value of  
< 0.05 or < 0.01 was considered significant and highly 
significant, respectively. All cytotoxicity determination 
assays were repeated at least three times. The figures 
were depicted by GraphPad prism version-5.

Results

PrsA-induced cell death without activation of 
autophagy and apoptosis pathway

The activation of LC3B marker molecule within autopha
gosome, nuclear condensation and DNA fragmentation, 
and typical feature of membrane changes in apoptosis 
were evaluated after recombinant PrsA stimulation to 
determine whether the milder patterns of autophagy and 
apoptosis were involved in cell death or not. The results 
found that rapamycin (20 μM) can significantly induce 
cellular autophagy, while PrsA protein in different con
centrations could not induce LC3B activation (Figure 1a). 
The cells induced by staurosporine (200 nM) showed 
typical apoptosis features such as nucleus pyknosis, 
dense staining and brightness, distortion of some nuclei, 
and aggregation or fragmentation of chromatin to form 
a crescent, splay, and petal shapes. However, no observed 
cellular changes and increased apoptotic cell ratio were 
shown in groups induced with PrsA in comparison to the 
negative control groups (Figure 1b,c,d). Tunnel staining 
for genomic DNA fragmentation confirmed the non- 
apoptotic result in cells upon PrsA stimulation 
(Figure 1e).
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Pyroptosis and necroptosis involved in cell death 
after PrsA induction

Small molecule inhibitors targeting critical signal path
ways of pyroptosis and necroptosis were used to exam
ine the possible effect of these inhibitors after 
recombinant PrsA stimulation. The results of pyropto
sis and necroptosis involved in cell death after PrsA 
induction showed that 82.9% of the cell death 
prompted by PrsA can be significantly reduced to 
27.3% in the group with preliminary incubation of the 
irreversible inhibitor of Ac-YVAD-cmk targeting the 
cysteine protease caspase-1 (P < 0.01) (Figure 2), 
which was important for inflammasome activation. 
These results demonstrated the caspase-1 signalling 
pathway mediated in PrsA cytotoxic effect. Similar but 
weaker inhibition of cell death rate induced by PrsA 
proteins with Nec-1 and NSA inhibitors, which blocked 
specific to the RIPK-1 and MLKL in the necroptosis 
pathway as shown in (Figure 3).

Scanning and transmission electron microscopy 
were used to observe the ultra-structural morphologi
cal changes among samples of RAW264.7 cells stimu
lated by PrsA. Typically, normal cells without PrsA 
treatment were intact and regular in shape with 
a smooth and flat surface and boundary of the cell 
membrane, clear mitochondrial and endoplasmic reti
culum structure, and a dense and uniform nucleus. 
Whereas the cells in the PrsA stimulation group were 
morphologically characterized by non-apoptotic cell 
death with rupture membrane, cell degeneration and 
vacuolization, organelles swelling, and the release of 
cellular contents and was accompanied by cell frag
mentation (Figure 4).

S. suis infection assays of the WT and ΔprsA strains 
were conducted to verify the putative lethal function of 
PrsA effector to host cell death. The prsA gene muta
tion would lead to a significant decrease in cell cyto
toxicity induced by ΔprsA strain (P < 0.01). The Ac- 

Figure 1. PrsA induced cell death without autophagy and early apoptosis pathway activation in RAW264.7. a. Autophagy activation 
detected by western blotting with LC3B molecules. Cells were stimulated with PrsA in different concentrations or Rapamycin for 4 hs. 
Whole-cell lysates were subjected to western blotting. b. Apoptosis identification by chromatin staining. Cells were stimulated with 
PrsA (50 μg/ml) for 4 hrs. Then, cells nuclei were stained with DAPI. Increased apoptotic cells with fragmented and brighter 
chromatin were indicated with white arrows in the positive control group treated with staurosporine (200 nM). Magnification, ×400. 
c. Agarose gel electrophoresis analysis of DNA fragmentation in cells genome treated as b. d & e. Apoptotic cell death determined by 
flow cytometric analysis and TUNNEL staining in RAW264.7 cells after PrsA protein stimulation. DNase I was conducted as positive 
control for TUNNEL assay. The asterisk of “**” indicated significant at P < 0.01.

VIRULENCE 5



YVAD-cmk and Nec-1 inhibitors explicitly targeted to 
the pyroptosis and necroptosis pathways could alleviate 
the cytotoxic effect caused by the WT strain, respec
tively (P < 0.01) (Figure 5a,b). Furthermore, after PrsA 
stimulation, there was an observed activation of critical 
cell signalling molecules such as caspase-1, GSDMD 
and IL-1β in pyroptosis, and pMLKL in the necroptosis 
pathway. Differential expression levels of cleaved cas
pase-1, IL-1β, and pMLKL between the WT and prsA 
strains of SS2 infection groups were determined using 
western blotting assay (Figure 5c,d). Significant 
decreases of cleaved caspase-1, IL-1β, and pMLKL 
were observed in the PrsA deficient strain of SS2.

PrsA flanking N- and C-terminal responsible for 
PrsA function in inducing cell death and 
inflammation

In order to identify PrsA’s essential functional 
domains that cause cell death, three predicted and 
potentially truncated segments, the enzymatic PPIase 
domain (PPI), N-terminal (NP), and C-terminal (PC) 
domains fused with PPIase (Figure 6a), were expressed 
as targeted fragments for cytotoxicity evaluation. The 

results showed that these three truncated PPI, NP, and 
PC proteins were successfully expressed and purified 
in a soluble form (Figure 6b). The proteins were iden
tified by western blotting with a His tag (Figure 6c). 
Cell viability assays showed that different concentra
tions of enzymatic PPIase domain protein PPI did not 
induce cell death with a basal cytotoxic effect com
pared to the control group (P > 0.05). However, in 
RAW264.7 cells, the NP or PC truncated protein con
taining PPIase can cause cell death in a concentration 
gradient dependent manner (Figure 6d). The quanti
tative detection results of LDH tests were consistent 
with fluorescence observation (Figure 6e). 
Furthermore, significant activation of the inflamma
tory response induced by NP or PC truncated proteins 
was observed in RAW264.7, as shown by an increase 
in the expression of IL-1β, IL-6, and TNFα cytokines 
(Figure 6f). Their proinflammatory effects were close 
to complete PrsA group, while the PPI domain 
induced subtle cytokines release. All these data con
firmed that PrsA flanking N- and C-terminal but 
single enzymatic PPIase domain were mainly respon
sible for PrsA function in causing cell death and 
inflammation.

Figure 2. Pyroptosis was involved in cell death induced by the PrsA protein. a & b. Cytotoxicity determination of PrsA at different 
concentrations in RAW264.7 cells detected by fluorescent observation of live (green) and dead (red) and LDH quantification kit after 
1 h or 2hs incubation. c. Fluorescent observation of RAW264.7 cells treated with PrsA only (75 μg/ml) or PrsA with a cell-permeable, 
selective, and irreversible inhibitor of the cysteine protease caspase-1 (Ac-YVAD-cmk, 100 μM) for 4 hs. Bar scales were 50 μm. 
d. Quantitative detection of cytotoxicity in cells subjected with or without Ac-YVAD-cmk inhibitor by an LDH release measurement 
kit. Cellular lysis buffer of triton X-100 (0.2%) was treated and considered 100% death for cytotoxicity calculation. DMEM medium 
treatments were used as a negative control. The asterisk of “**” indicated significant at P < 0.01.
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PrsA-induced cell death independent of TLR2/ 
MyD88 pathway activation

Cellular colocalization analysis by immunofluorescence 
microscopy indicated that the PrsA protein of SS2 could 
interact with host cells, mainly anchored on the cell sur
face, though partially endocytosed into the cytoplasm 
(Figure 7a). RNA interference assays were used to exam
ine PrsA’s lethal function when the TLR2 signal pathway 
was blocked or knocked down to show the possible role 
of the recognition receptor TLR2 in cell death pathways 
induced by the probable lipoprotein PrsA. The results 
showed that the siRNA molecules’ specific to the TLR2 
and the critical downstream adapter of MyD88 was effec
tive and downregulated about 45% to 70% of the expres
sion of the corresponding genes in RAW264.7 cells, 
respectively (Figure 7b), as compared to the negative 
control siRNA groups. The interference efficacy of 

corresponding proteins was confirmed by western blot
ting analysis (Figure 7c). Surprisingly, the knocking 
down of TLR2 or MyD88 could still not compensate for 
the cell-death-inducing effect caused by the PrsA protein. 
No significant differences in cytotoxicity and cell mor
phology changes were observed in PrsA stimulation 
groups among specific treatments of siTLR2, siMyD88, 
and siNC molecules (Figure 7d,e). Furthermore, there 
were no detected expression changes of TLR2 in the cell 
lysates after the PrsA protein stimulus as compared with 
the PBS control group after western blotting analysis 
(Figure 7f).

Discussion

Pathogens can facilitate infection by the exportation or 
secretion of diverse virulence factors to the extracellular 

Figure 3. PrsA-induced cell death partially by necroptosis signalling pathway. a & b. Fluorescent observation of live (green) and dead 
(red) RAW264.7 or HEp-2 cells treated with PrsA only (75 μg/ml) or PrsA with specific inhibitor Nec-1 (20 μM) and NSA (10 μM) for 4 
hs targeted RIPK-1 and MLKL, respectively, in necroptosis pathway. Bar scales indicated 50 μm. c & d. Evaluation of cytotoxicity with 
LDH release assay kit. RAW264.7 or HEp-2 cells were treated as panels a & b.
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environment [36]. PrsA is ubiquitously distributed in 
Gram-positive bacteria and functions as a chaperone 
for processing variable periplasmic proteins and extra
cellular secretion factors to maturation. The post- 
translocation essence of this protein has foldase activity 
mediated in the folding and stability of secreted effec
tors as well as contributing to virulence regulation 
[22,37–39]. The surface-anchored and secreted protein 
of PrsA in S. suis type 2 is found pro-inflammatory and 
cytotoxic to host cells [27]. PrsA itself is also a virulence 
factor that can mediate SS2 infection and pathogenesis 
by modulating the secretion and translocation of suily
sin and other important adhesion molecules, such as 
GAPDH and enolase [30]. However, the cytotoxic 

function of PrsA in SS2 and its mechanism leading to 
cell death are not clearly understood.

In this study, we combine multiple molecular activa
tion and detection techniques to explore the patterns of 
cell death with possible activation pathways and the 
probable function domains of PrsA leading to cell 
death. With a range of cell death modes investigation, 
it was found that the PrsA protein of SS2 could parti
cipate in cell death mainly through pyroptosis. The 
lethal effect of PrsA on RAW264.7 cells can be mark
edly alleviated shown in Figure 2, with the preincuba
tion of Ac-YVAD-cmk inhibitor specific to 
inflammasome activation. PrsA also mediated cell 
death accompanied by the participation of the 

Figure 4. Electronic microscopy observation.
a. Scanning electron micrographs of RAW264.7 cells treated with PrsA (75 μg/ml). b. Transmission electron micrographs of cells treated with PrsA.
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necroptosis pathway. Inhibitors targeting the critical 
RIPK-1 and MLKL molecules in necroptosis can reduce 
the cell death rate induced by PrsA to a certain extent 
in Figure 3, though the effect is not as obvious as that 
of Ac-YVAD-cmk. Electron microscopic observation of 
morphological changes in dead cells has been consid
ered one of the gold standards for determining the 
manner of cell death. The typical phenotypic changes 
of cell membrane rupture, the release of cytoplasmic 
contents, and severe inflammatory reaction were 
reflected in the results of electron microscope observa
tion (Figure 4). All these features were consistent with 
the morphological characteristics of pyroptosis and 
necroptosis. The cell death patterns of pyroptosis and 
necroptosis induced by PrsA were confirmed in SS2 
microbial infection tests. The critical inhibitors specific 
to the pyroptosis and necroptosis signalling pathways 
could relieve the lethal cytotoxicity stimulated by the 
WT strain of SS2. The prsA gene deletion would lead to 
a significant decrease in cell cytotoxicity as compared to 
the WT strain (Figure 5). This may be owing to the 

down-regulation and translocation of the secretion level 
of suilysin with other virulence factors when the prsA 
gene was mutant [28]. The cytotoxic suilysin itself was 
found to be essential for NLRP3 inflammasome activa
tion and triggering cytokine storm contributes to 
STSLS in SS2 [35]. Furthermore, the secreted peptidyl- 
prolyl cis, trans-isomerase of PrsA in H. pylori, was 
found to induce gastric Th17 response, promote proin
flammatory response, and execute gastric epithelial cell 
apoptosis [40,41]. So the inflammatory effect triggered 
by PrsA may help to induce cell death [16,42].

After the expression and purification of PrsA trun
cated proteins, it was revealed that the PPIase enzy
matic domain is not directly involved in cell death and 
pro-inflammatory effect. PrsA flanking N- or 
C-terminal domain of SS2 was indispensable for indu
cing cell death, as shown in Figure 6. Similar findings 
were observed in the research of PrsA functional 
domains investigation in B. subtilis and 
L. monocytogenes [23,43,44]. The enzymatic activity of 
the PPI domain within PrsA in B. subtilis may be 

Figure 5. Confirmation of lethal function and potential cell death patterns activated by PrsA in RAW264.7 cells infected with SS2.
a & b. Cells pretreated with specific inhibitors of Ac-YVAD-cmk (100 μM), Nec-1 (20 μM), or NSA (10 μM), respectively, for 1 h at 37, were 
further subjected to SS2 infection with WT or ΔprsA mutant strains (MOI at 50) for 4 hrs. Cells treated with the only stimulus of SS2 cells, the 
specific inhibitor, and PBS were conducted as control groups. Cell viability was analysed and quantified by LIVE/DEAD cytotoxic staining kit 
and LDH release determination, respectively. c & d. Western blotting analysis of crucial molecules within pyroptosis and necroptosis 
pathway for caspase-1, IL-1β, GSDMD and pMLKL in cellular lysates collected from RAW264.7 cells treated with PrsA protein (75 μg/ml) or 
SS2 infection for 4hs. LPS-priming (1 μg/ml) followed by nigericin (10 μM) treatment was conducted as positive control for pyroptosis 
activation. e. Densitometric difference analysis of cleaved caspase-1, IL-1β, GSDMD and pMLKL based on the western blot signals shown in 
c & d. Asterisks of “*” and “**” indicated significant at P < 0.05 or P < 0.01, respectively.
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dispensable for the proper folding of multiple reper
toires of secreted proteins in vivo. In L. monocytogenes, 
the PrsA2 flanking N- and C-terminal domains were 
critical for protein chaperone functions as well as for 
the complementation of haemolytic activity, phospho
lipase activity, and plaque formation. While PPIase 
activity within PrsA2 was insufficient to restore numer
ous in vitro defects, the PPIase activity appeared to 
enhance PrsA2 function, contributed to full bacterial 
virulence, and mediated in optimal resistance to β- 
lactam antibiotics [43,45]. The accessory PPI domain 
of SS2 itself participated in mediating subtle inflamma
tion but contributed to inducing substantial cytokines 
expression with chimeric proteins of NP and PC 
domains. The difference in lethal effects among variable 
PrsA proteins may due to their divergent capability to 
induce inflammation response.

PrsA is a membrane-exposed lipoprotein that mod
ulates several secreted proteins in the microenviron
ment within the cytoplasmic membrane-cell wall 
interface at a post-translocational folding level 
[22,46,47]. It is well known that the pathogen- 

associated molecular patterns (PAMPs) of a typical 
microbial ligand of lipoproteins can be recognized 
and activated by the host innate immune receptor of 
TLR2 expressed on the cell surface and then interact 
with TLR1 or TLR6 to form heterodimers [48,49]. The 
receptor clusters would recruit adaptors with mainly 
MyD88 molecule to initiate downstream defensive 
immune responses, including the secretion of pro- 
inflammatory cytokines [50]. Protein cell interaction 
analysis illustrated that the probable surface anchored 
essence of PrsA in RAW264.7 and prompted us to 
speculate if the TLR2 signalling pathway played a role 
in cell death that was stimulated by PrsA. However, the 
comprehensive experimental results in Figure 7, con
trary to our expectation, confirmed that TLR2/MyD88 
pathway cannot be activated and was not involved in 
the lethal effect induced by the PrsA protein.

Based on our findings, we clarified the cell death 
modes of pyroptosis and necroptosis induced by prsA 
factor in SS2 and examined the indispensable lethal 
domains of N- or C-termini fused with PPIase within 
PrsA. These would help to provide novel insights for 

Figure 6. PrsA flanking N- and C-terminal but not enzymatic PPIase domains were essential for PrsA function in inducing cell death 
and inflammation. a. Amino acid regions of three fragments of PrsA truncated proteins of PPIase, NP, and PC. b. Prokaryotic 
expression and purification of truncated PrsA proteins by SDS-PAGE. Lane 1, recombinant E. coli cell lysate from cultures before IPTG 
induction; Lane 2, e. coli cell lysate from IPTG-induced cultures; Lane 3, purified PrsA proteins. c. Western blotting of Lane 1 and Lane 
3 of panel B using anti-His monoclonal antibody. d. Fluorescent observation of live (green) and dead (red) RAW264.7 cells treated 
with three truncated PrsA proteins PPI, NP, and PC at different concentrations, respectively. PrsA (200 μg/ml) and DMEM medium 
treatments were used as positive and negative controls. Cellular lysis buffer of triton X-100 (0.2%) was treated and considered 100% 
death for cytotoxicity calculation. The bar scales indicated were 50 μm. e. Evaluation of cytotoxicity induced by PrsA truncated 
proteins PPI, NP, and PC with LDH concentration determination kit. f. Relative mRNA levels of proinflammatory cytokines IL-1β, IL-6, 
and TNF-α, as determined by qPCR. The results were presented as fold induction relative to non-infected cells against β-actin gene 
expression using 2−Ct method. RAW264.7 cells were stimulated by 50 μg/ml of PrsA proteins, PPI, NP and PC for 4 hs. 
Lipopolysaccharide (LPS) was used at 400 ng/ml as a positive control. Asterisks of “*” and “**” indicated significant at P < 0.05 or 
P < 0.01, respectively.
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PrsA biological functions research. Future studies should 
focus on the investigation of the individual recognizing 
and interacting proteins as well as the precise mechan
isms upon PrsA induction within the cell host. The 
putative chaperone function with the foldase substrates 
analysis and the relationship between cell death and 
inflammatory effects still need further investigations.
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