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HylS’, a fragment of truncated hyaluronidase of Streptococcus suis, contributes 
to immune evasion by interaction with host complement factor C3b
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ABSTRACT
Pathogenic bacteria have evolved many strategies to evade surveillance and attack by comple-
ments. Streptococcus suis is an important zoonotic pathogen that infects humans and pigs. 
Hyaluronidase (HylA) has been reported to be a potential virulence factor of S. suis. However, in 
this study, it was discovered that the genomic region encoding HylA of the virulent S. suis strain 
SC19 and other ST1 strains was truncated into four fragments when aligned with a strain contain-
ing intact HylA and possessing hyaluronidase activity. As a result, SC19 had no hyaluronidase 
activity, but one truncated HylA fragment, designated as HylS,’ directly interacted with comple-
ment C3b, as confirmed by western ligand blotting, pull-down, and ELISA assays. The deposition 
of C3b and membrane attack complex (MAC) formation on the surface of a HylS’-deleted mutant 
(ΔhylS’) was significantly increased compared to wild-type SC19. In human sera and whole blood, 
ΔhylS’ survival was significantly reduced compared to that in SC19. The resistance of ΔhylS’ to 
macrophages and human polymorphonuclear neutrophil PMNs also decreased. In a mouse infec-
tion model, ΔhylS’ showed reduced lethality and lower bacterial load in the organs compared to 
that of SC19. We conclude that the truncated hyaluronidase HylS’ fragment contributes to 
complement evasion and the pathogenesis of S. suis.
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Introduction

After entering the host, pathogens evade multiple 
attacks by the immune system to survive. As an ancient 
mechanism, the complement system is one of the first 
lines of defence against pathogens, enabling rapid iden-
tification and elimination of evaders [1]. The comple-
ment system consists of approximately 50 proteins in 
the plasma or associated with cell membranes, forming 
a tightly coupled and highly collaborative network. The 
functions of complement include immune surveillance, 
detection and elimination of microbes, mediation of 
inflammatory responses, and participation in many 
physiological pathways [2,3]. It also acts as a bridge 
between innate and acquired immunities [4]. There 
are three complement activation pathways: the classical, 
alternative, and lectin pathways. Activation of one of 
the three pathways leads to the formation of 
a membrane attack complex (MAC) consisting of 
C5b, C6, C7, C8, and C9 proteins on the membrane 

of the target cell [5]. The complement component C3 is 
a central element of the three complement pathways 
[6]. Upon encountering pathogens or their compo-
nents, the abundant plasma protein C3 is cleaved into 
C3b and C3a by C3 convertase, which ultimately leads 
to MAC formation on the target surface [7]. Immuno- 
adhesion and opsonophagocytosis also require frag-
ment C3b [8]. C3b and iC3b are recognized by com-
plement receptor 1 (CD35) and complement receptors 
3 and 4 (CD11b/18 and CD11c/18), respectively, on the 
surface of phagocytes to facilitate the phagocytosis of 
immune complexes or target cells [3,9].

As described above, C3 and its fragments play essential 
roles in immune surveillance and clearance of pathogens, 
but microbes have evolved many escape strategies [2], For 
example, the Sbi protein of Staphylococcus aureus can form 
a ternary complex with Factor H and C3b, which is 
a potent inhibitor of the alternative pathway [10]. In addi-
tion, SplB secreted by S. aureus can degrade α-chains of 
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C3b, thereby overcoming complement attack [11]. 
Similarly, LytA murein hydrolase expressed by 
Streptococcus pneumoniae can cleave C3b and iC3b depos-
ited on the bacterial surface, resulting in reduced opsonic 
activity and phagocytosis [12].

Streptococcus suis is a major pathogen with multiple 
serotypes [13]. As an emerging zoonotic pathogen that 
infects both swine and humans, S. suis serotype 2 is one 
of the most virulent and prevalent serotypes [14]. Bacterial 
meningitis and streptococcal toxic shock-like syndrome 
(STSLS) are the main symptoms of humans infected with 
S. suis, however, endocarditis, cellulitis, peritonitis, arthri-
tis, pneumonia, and other symptoms have also been 
reported [15,16] and [17]. After S. suis invasion, an early 
burst of host inflammatory cytokines can lead to STSLS, 
with S. suis using various strategies to survive in the blood, 
escape polymorphonuclear leukocyte-mediated phagocy-
tosis, and penetrate the blood–brain barrier (BBB) to 
cause meningitis [18]. The important virulence factor sui-
lysin (SLY) enhances the survival of S. suis in serum [19]. 
S. suis expresses many factors that enable the evasion of the 
host immune system. For example, in our previous study, 
S. suis SntA was found to interact with complement C1q, 
thereby inhibiting C3 deposition and MAC formation on 
S. suis [20]. Bacterial adenosine synthase converts adeno-
sine monophosphate into adenosine, which is used by 
S. suis to evade phagocytosis in blood [21]. Additionally, 
S. suis 5’-nucleotidase affects neutrophil activity through 
adenosine synthesis [22].

Hyaluronic acid (HA) is a major component of the 
extracellular matrix (ECM) of eukaryotic cells and plays 
a key role in regulating inflammation [23]. Bacterial hya-
luronidase degrades HA into unsaturated disaccharides by 
cleaving β-1–4 glycosidic bonds, and has been reported as 
a virulence factor in various bacterial species by reducing 
the viscosity of the ECM and breaking down connective 
tissue [24,25]. Hyaluronidase facilitates the absorption and 
spread of bacterial toxins, leading to further bacterial infec-
tion and colonization of bacteria [26–28].

The hyaluronidase from Streptococcus agalactiae (also 
known as group B Streptococcus or GBS),

which can cause serious illness and/or death in 
newborns, the elderly, and the immunocompromised 
[29–31], can degrade HA and enhance pathogenesis 
[32], and is also considered a virulence factor in 
other gram-positive bacteria [33]. Hyaluronidase 
also contributes to the intracellular survival of 
Streptococcus agalactiae in macrophages by inhibiting 
inflammatory cytokine expression [34]. 
Hyaluronidase of S. suis serotype 2 (HylA) interacts 
with the murine angiogenin inhibitor 1 (AI1) [35]. 
However, in the genome of S. suis serotype 2 strain 

SC19, we identified a region encoding truncated 
HylA, the product of which had no hyaluronidase 
activity. A fragment named HylS’ in this region was 
confirmed to be a secretory protein that interacts 
with complement C3b. C3b and MAC deposition on 
the surface of the HylS’-deleted mutant was increased 
compared with wild-type strain SC19. The hylS’ 
mutant showed reduced survival in human serum, 
whole blood, and anti-phagocytic activity. The hylS’ 
mutant was also significantly attenuated in mice. 
These findings indicated that HylS’ plays a role in 
S. suis complement evasion and virulence.

Materials and methods

Strains, plasmids, primers, and culture conditions

The bacterial strains, plasmids, and primers used in the 
present study are listed in Table S1. S. suis serotype 2 
strain SC19 was originally isolated from sick pigs during 
an epidemic outbreak in the Sichuan province of China 
in 2005 [15]. S. suis strains were grown in Tryptic Soy 
Broth (TSB; BD 211,825) or on Tryptic Soy Agar (TSA; 
BD 221,185) plates supplemented with 5% newborn 
bovine serum (Sijiqing 22,011–8612) at 37°C. 
Escherichia coli DH5ɑ and BL21 (DE3) strains were 
grown in Luria-Bertani (LB; Hopebiol, HB0128) broth 
or on LB agar plates at 37°C. The RAW264.7 cells were 
cultured in DMEM supplemented with 10% (v/v) foetal 
bovine serum (FBS), 100 µg/mL ampicillin, and 100 μg/ 
mL streptomycin at 37°C with 5% (v/v) CO2.

Construction of the mutants and complementary 
strains

The S. suis mutant strain ΔhylS’ was constructed by 
knocking out the gene using homologous recombina-
tion [36]. The 1000 bp region upstream of the hylS’ 
gene (GenBank accession number: OR478962), fol-
lowed by the erm expression cassette and the 1000 bp 
region downstream of the hylS’ gene were cloned into 
the BamHI/EcoRI digested product of the suicide vec-
tor pSET4S. Afterward the recombinant plasmid was 
transformed into SC19 and the strains were selected on 
TSA plates with spectinomycin. The gene deletion 
mutant was identified from the transformants using 
the primers listed in Table S1 to amplify the intact 
coding sequence and the internal fragment of hylS’ 
(ΔhylS’). The absence of hylS’ expression and expres-
sion of the upstream and downstream genes of ΔhylS’ 
were further confirmed using cDNA of the mutant 
using the primers listed in Table S1.
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To construct the complementary strain of ΔhylS’ 
(CΔhylS’), hylS’ was amplified by PCR using SC19 
genomic DNA as a template. The PCR product was 
ligated into the vector pSET2 [37] linearized with 
the restriction enzymes BamHI and EcoRI. Finally, 
the recombinant plasmid pSET2-hylS’ was electro- 
transformed into the mutant ΔhylS’, which was con-
firmed by amplification of the intact coding 
sequence of hylS’ using the primers listed in 
Table S1.

For the construction of the mutant containing intact 
hylA instead of the original truncated region (h1215-h1212) 
in SC19, the 1000 bp sequence upstream of the h1215 gene 
of SC19, followed by the hylA amplified from the genomic 
DNA of S. suis 0895 [38] and a 1000 bp sequence down-
stream of the h1212 gene of SC19, were cloned into the 
BamHI/EcoRI digested product of the suicide vector 
pSET4S. The recombinant plasmid was then electrotrans-
formed into SC19 cells and the transformants were selected 
on TSA plates with spectinomycin. The mutated SC19 
containing intact hylA in place of h1215-h1212 (SC19hylA) 
was identified by PCR using primer hylA-F/R. Compared 
with hylA, h1215–1212 has a 21bp insertion at position 192 
(Figure 1). The primers hylA-F contained 13 bp of the 21bp 
sequence. Colonies with no PCR product using primers 
hylA-F/R were selected as SC19hylA., which was subse-
quently confirmed by PCR using cDNA as template using 
primers hylA-F/R.

Plate assay for determination of hyaluronidase 
activity

Hyaluronidase activity was determined using a plate assay 
as described previously [39]. Briefly, 10 µL of mid-log 
phase cultures of S. suis was spotted on Brain Heart 
Infusion (BHI; BD-Canada) agar plates supplemented 
with 0.04% (w/v) hyaluronic acid (Sigma-Aldrich 
385,908) and 1% (w/v) bovine serum albumin (BSA). 
Plates were then incubated for 24 h at 37°C. 
Hyaluronidase activity was revealed by the addition of 2  
M acetic acid for 3 min, which allowed precipitation of the 
BSA/hyaluronic acid complex, and the presence of a clear 
halo around bacterial growth indicated hyaluronidase 
activity.

To detect the hyaluronidase activities of E. coli 
expressing different recombinant proteins, the genes 
h1212, hylS’, h1214, and h1215 amplified from SC19 and 
hylA amplified from 0895 were cloned into pET28a 
and transformed into BL21. Hyaluronidase activity of 
the resultant strains was determined using the 
method described above.

Protein expression and purification

Recombinant H1212, HylS,’ H1214, H1215, HylA 
(S. suis strain 0895 [38]; and C3b were expressed and 
purified. The full-length sequences of h1212 (GenBank 
accession number: OR478963), hylS’ (GenBank acces-
sion number: OR478962), h1214 (GenBank accession 
number: OR478961), and h1215 (GenBank accession 
number: OR478960) amplified from SC19 genomic 
DNA, and hylA (GenBank accession number: 
OR473667) amplified from strain 0895 were cloned 
into pGEX-6p. The sequence encoding the α-chain of 
C3b was amplified from human lung cDNA and cloned 
into the vector pET28a. Recombinant plasmids were 
transformed into BL21 (DE3) cells.

Protein expressions and purifications were per-
formed as previously described [40].

Recombinant proteins were expressed in E. coli BL21 
(DE3) as GST-tagged proteins (GST – H1212, GST – 
HylS,’ GST – H1214, GST – H1215 and GST – HylA) 
or His-tagged C3b. Briefly, protein expression 
was induced with 0.5 mM isopropyl-β- 
D-thiogalactopyransoide (IPTG) at 16 °C for 20 h. 
The bacteria were centrifuged at 8000 g for 10 min, 
cells were harvested, and washed three times with PBS 
(2 mM KH2PO4, 10 mM Na2HPO4, 137 mM NaCl, 
and 3 mM KCl). Cells were resuspended in PBS and 
disrupted in an Ultrasonic Cell Crusher (Manufacturer, 
program). The protein fragments were separated by 
centrifugation. The washing buffer (50 mM Tris-HCl, 
0.3 M NaCl, 10 mM EDTA, 10 mM DTT, and 0.5% 
Triton X-100) and resuspension buffer (50 mM Tris- 
HCl, 0.1 M NaCl, 10 mM EDTA, and 10 mM DTT) 
were used to resuspend the fragments. The precipitates 
were dissolved at a concentration of 30 mg/mL with the 
dissolution buffer (6 M gua-HCl, 10% glycerol, 50 mM 
Tris-HCl, 0.1 M NaCl, 10 mM EDTA, and 10 mM 
DTT). Next, the supernatants were obtained by centri-
fugation and mixed with the refolding buffer (0.1 M 
Tris-HCl, 0.4 M L-Arg HCl, 2 mM EDTA, 0.15% 
L-Glutathione reduced, and 0.03% L-Glutathione oxi-
dized) for 8 h. The resulting protein liquids were con-
centrated and stored at − 80°C.

Preparation of anti-HylS’ antibody

Preparation of anti-HylS’ antibody was performed by 
three immunizations of recombinant HylS’ protein in 
Balb/c mice to obtain anti-serum from the mice blood 
[41]. In brief, purified recombinant HylS’ protein was 
diluted to 300 μg/mL with PBS. Then, 2 mL of complete 
Freund’s adjuvant (Sigma-Aldrich, F5881) was mixed 
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with an equal volume of diluted HylS’ protein. 
Subsequently, each mouse was injected intraperitone-
ally with the mixture containing 45 μg HylS’ protein. 
Two weeks later, a mixture of HylS’ added to incom-
plete Freund’s adjuvant (Sigma-Aldrich, F5506) was 
used for the second immunization of the mice. At 
week 5, each mouse was injected with 45 μg of protein 
with incomplete Freund’s adjuvant. At the sixth week, 
blood was collected and serum stored at −80°C.

Detection of subcellular localization of SC19 HylS’

The subcellular localization of HylS’ was determined as 
previously described [42]. Briefly, bacterial cultures of 
SC19 or ΔhylS’ were collected by centrifugation, resus-
pended in 1 mL lysis buffer (0.05 M Tris – HCl, 2.5 mM 
EDTA, 0.1 M NaCl, 0.25% Triton X-100, pH 8.5 ~ 9.0) 
and boiled for 20 min to obtain cell lysates. The culture 
supernatants were filtered using filter membrane 
(Millipore, 0.22 µm, ISEQ00010) and concentrated to 
a final concentration of 10 mg/mL protein using ultra-
filtration tubes, which were prepared as secretory pro-
teins. Cell wall proteins were obtained from bacterial 
cultures by mixing with 1 mL of osmoprotective buffer 
(50 mM Tris – HCl, pH 7.3, 20% sucrose, 2.5 µM PMSF 
(phenyl methane sulphonyl fluoride)) containing muta-
nolysin (150 U/mL, Sigma-Aldrich, SRE0007) and incu-
bated at 37°C for 2 h under continuous moderate 
agitation. Supernatants obtained after centrifugation at 
12,000 g for 30 min. Cell lysate, secreted, and cell wall 
protein samples (50 µg of protein) were separated using 
15% SDS-PAGE and transferred onto a polyvinylidene 
difluoride membrane (PVDF, Bio-Rad; 1620177). Mouse 
HylS’ polyclonal antibody was used to detect HylS,’ and 
HRP-conjugated goat anti-mouse IgG (Proteintech, 
SA00001–1) was used as the secondary antibody. 
Protein bands were visualized after adding 
a chemiluminescent substrate of HRP and detected 
using a ChemiDoc™ Touch Imaging System (Bio-Rad 
1,708,370) in accordance with the manufacturer’s 
instructions. The cell wall anchored protein SntA of 
S. suis identified in our previous work was used as 
a control [20].

Western ligand blotting

The western ligand blotting was performed as previously 
described [43]. The proteins GST-H1212, HylS,’ 
GST-H1214, GST-H1215 and His-C3b were separated by 
denaturing 12% or 15% polyacrylamide gels (SDS-PAGE) 
. GST and BSA were used as negative controls. Proteins 
were electrotransferred onto a PVDF, which was incu-
bated in 5% skimmed milk for 2 h. After washing five 

times with TBST buffer (20 Mm Tris- HCl, 150 Mm 
NaCl, 0.05% Tween 20), His-C3b (10 µg/mL) was added 
to the membrane at 37 °C for 2 h, after which the mem-
brane was washed a further five times. Mouse anti-human 
C3b monoclonal antibody (Proteintech 66,157–1-Ig) was 
used as the primary antibody, incubated at 37 °C for 2 h. 
After five TBST washes, HRP-conjugated goat-anti- 
Mouse IgG (Proteintech, SA00001–1) was added to the 
membrane and incubated at 37 °C for 2 h. Protein bands 
were visualized after adding a chemiluminescent substrate 
of HRP and detected using the ChemiDoc™ Touch 
Imaging System (Bio-Rad 1,708,370) in accordance with 
the manufacturer’s instructions.

Pull-down and western blot analysis

The pGEX-6p-hylS’ and pGEX-6p -hylA recombinant 
plasmids were transformed into E. coli BL21 (DE3) 
cells. The empty vector, pGEX-6p, served as the con-
trol. BL21 containing different expression vectors were 
grown in LB medium supplemented with 0.4 M glucose 
at 37°C to an OD600 of 0.5, and the temperature was 
raised to 42°C for 15 min. Afterward, 0.5 mM IPTG was 
added to induce the expression of the GST-tagged HylS’ 
or HylA at 16°C for 20 h. Bacteria were harvested by 
centrifugation, washed twice, and resuspended in PBS. 
The cells were disrupted with an Ultrasonic 
Homogenizer (Scientz, JY92-IIN), and the cell frag-
ments were separated by centrifugation. The superna-
tants were added to Glutathione Sepharose® 4 Fast Flow 
resin (GE Healthcare 17,513,201), normal human 
serum from adult volunteers were added, then the 
resin was incubated at 4°C for 2 h. A PBS wash was 
carried out prior to the addition of elution buffer (150  
mM NaCl, 50 mM pH 8.0 Tris-HCl, and 15 mM 
L-glutathione reduced). Samples were separated by 
12% SDS-PAGE, proteins electro-transferred onto 
a PVDF membrane, incubated with 5% skimmed milk 
for 1 h, washed five times with TBST buffer, and incu-
bated with mouse anti-human C3b monoclonal anti-
body (Proteintech 66,157–1-Ig) at 37 °C for 2 h. After 
washing another five times, HRP-conjugated goat-anti- 
mouse IgG (Proteintech, SA00001–1) was added and 
incubated at 37 °C for 2 h. Protein bands were visua-
lized after addition of chemiluminescent substrate of 
HRP. A ChemiDoc™ Touch Imaging System (Bio-Rad 
1,708,370) was used to detect the bands according to 
the manufacturer’s instructions.

C3b and HylS’ interaction detected by ELISA

The HylS’-binding assay was performed as follows. 
Different concentrations of His-C3b (0–7 µg/mL) were 
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coated onto 96-well plates (BIOFIL, FEP-101-896) at 
4°C for 12 h. Wells coated with BSA were used as 
a negative control. Wells were washed with PBST 
(PBS supplemented with 0.05% Tween-20), and 100  
µL 1% BSA was added to each well for 2 h for blocking, 
followed by addition of 100 µL 5 µg/mL HylS’ to each 
well, and incubation at 37°C for 2 h. Mouse anti-HylS’ 
antibody was added to the wells and incubation con-
tinued at 37°C for 1 h. HRP-conjugated goat-anti- 
mouse IgG (Proteintech, SA00001–1) was used as the 
secondary antibody with incubation at 37°C for 1 h 
before TMB chromogenic solution (Beyotime, P0209) 
reaction for 30 min. Finally, the absorbance of the wells 
was measured at 630 nm. For the C3b binding assay, 
different concentrations of HylS’ or BSA (0–7 µg/mL) 
were used to coat 96-well plates. The same steps as the 
HylS’ binding assay were used, except that His-C3b was 
added instead of HylS’ and mouse anti-C3b antibody 
(Proteintech 66,157–1-Ig) was added instead of anti- 
HylS’ antibody.

Detection of C3b or MAC deposition on S. suis

C3b and MAC deposition on S. suis was detected as 
previously described [44]. Briefly, bacteria were cul-
tured in TSB overnight at 37°C and sub-cultured to 
mid-log phase. Bacterial cultures were harvested by 
centrifugation at 1556 g for 5 min, washed three times 
with PBS, and diluted to 5 × 107 CFU/mL with PBS. 
Supernatants containing proteins secreted from cognate 
bacterial cultures collected after centrifugation were 
filtered (Millipore, 0.22 µm, ISEQ00010) and concen-
trated to 10 mg/mL. Thereafter, 300 µL of bacterial sus-
pensions, 300 µL fresh human serum, and 50 µL filtrates 
were mixed and incubated for 30 min at 37°C. Bacterial 
suspensions mixed with inactivated normal human 
serum served as negative controls. After incubation, 
the mixtures were centrifuged and washed thrice with 
PBS. To detect C3b, the mixtures were incubated with 
300 µL of monoclonal anti-human C3b antibody (20  
µg/mL, Abcam, ab17456) at room temperature for 30  
min. Similarly, 300 µL of monoclonal anti-human-C5b 
-9 antibody (20 µg/mL; Abcam, ab66768) was used to 
detect MAC on the bacterial surface. FITC-conjugated 
goat-anti-mouse IgG (Proteintech, SA00003–1) was 
used as the secondary antibody and incubated at 37°C 
for 30 min. C3b or MAC deposition was detected using 
a FACSCalibur flow cytometer (BD Biosciences, USA). 
For each sample, 20,000 cells were randomly selected. 
A threshold value using the untreated bacteria was set 
as the negative control. The quantities of C3b deposi-
tion or MAC formation on bacteria are shown as geo-
metric mean fluorescence intensities (GMF).

Bacterial survival in serum or whole blood

For the detection of bacterial survival in serum, strains 
grown in TSB at 37°C overnight were sub-cultured to 
mid-log phase. Cultures were diluted to 5 × 106 CFU/mL 
in PBS, and 20 µL of each diluted culture was mixed with 
180 µL normal human serum and incubated at 37°C for 
25 min. Inactivated serum was used as a negative control. 
Three replicates were performed for each strain. Live 
bacterial numbers were counted by plating serially diluted 
cultures on TSA plates. Survival percentages of bacteria 
were calculated as (CFUactive serum /CFUinactivated serum) ×  
100%. To detect of bacterial survival in whole blood, 50 µL 
of diluted mid-log phase bacterial culture (CFUinput) was 
incubated with 450 µL fresh human blood at 37°C for 60  
min. Live bacterial numbers were counted by plating 
serially diluted cultures on TSA plates (CFUoutput). 
Survival percentages of bacteria were calculated as 
(CFUoutput/CFUinput) × 100%. The other steps were the 
same as those for the serum survival assay. The serum 
or whole blood used in this study were pooled samples 
obtained from multiple donors.

Phagocytosis assay

Macrophage phagocytosis assays were performed as 
previously described [45]. RAW264.7 cells were incu-
bated in 12-well plates until they were confluent single- 
layer, washed twice with PBS, and DMEM medium was 
added. Subsequently, log phase bacteria (CFUinput) 
were added to the plates (MOI = 10:1) and incubated 
for 60 min at 37°C. Three replicates were performed for 
each strain. The mixtures were washed twice with PBS 
and DMEM containing 100 µg/mL ampicillin was 
added for 1 h to eliminate extracellular bacteria. 
Saponin was added to lyse cells on ice. Live bacterial 
numbers were counted by plating diluted samples on 
TSA plates (CFUoutput). The ratio of engulfed bacteria 
was calculated as (CFUoutput/CFUinput) × 100%.

In addition, flow cytometry assays to quantify pha-
gocytosis were also carried out as previously described 
[46]. A GFP knock-in strain of SC19 was constructed. 
The ORF of GFP together with eno promoter sequences 
upstream of GFP were inserted into the intergenic 
region between the gene B9H01_RS02005 and 
B9H01_RS02010 in the genome of SC19 (SC19GFP). 
Then, ΔhylS’ and CΔhylS’ were also constructed using 
SC19GFP as parental strain. Log phase bacteria carrying 
GFP (CFUinput) were added to the plates containing 
RAW264.7 cells (MOI = 10:1) and incubated for 40  
min at 37°C. GFP-negative bacteria (SC19) and 
RAW264.7 cells were used as negative controls. The 
wells were washed twice with PBS, then DMEM 
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containing 100 µg/mL ampicillin was added for 1 h to 
eliminate the extracellular bacteria. Thereafter, the wells 
were washed twice with PBS, and the cells were har-
vested and fixed for 30 min with 4% paraformaldehyde 
at 4°C. Finally, the cells were applied to a FACSCalibur 
flow cytometer (BD Biosciences, USA). For each sam-
ple, 2,000 cells were randomly selected. A threshold 
value was set using the negative control, the cells with-
out bacteria. The quantities of the cells containing 
bacteria expressing GFP are shown as geometric mean 
fluorescence intensities.

The survival of bacteria in the presence of PMNs was 
determined as previously described [20]. A human periph-
eral blood PMN isolation kit (Solarbio, P9040) was used to 
extract neutrophils from human blood. Log-phase bacterial 
cultures were washed twice with PBS, and bacteria were 
diluted in RPMI-1640 medium (Hyclone, SH30809.01) to 
5 × 107 CFU/ml. Next, 100 μL bacterial dilutions, 100 μL 
RPMI-1640 medium, 200 μL human normal serum, and 
500 µL PMNs were mixed and incubated at 37°C in 5% 
CO2 for 30 min. Inactivated serum was used as a negative 
control. Three replicates were performed for each strain. 
Finally, 100 µL of saponin was added to each sample, which 
was then placed on ice for 10 min. The number of live 
bacteria was determined by plating the diluted cultures on 
TSA plates. The ratio of live bacteria was calculated as 
(CFUactive serum /CFUinactivated serum) × 100%.

Mouse infection experiments

To evaluate the lethality of different S. suis strains, 24 
female 5-week-old SPF Kunming mice (eight mice per 
group) were intraperitoneally infected with 2 × 109 CFU/ 
mouse of SC19, ΔhylS’ or physiological saline as a negative 
control. Mortality was recorded within 7 days after inocu-
lation. To determine the bacterial loads in tissues infected 
with different S. suis strains, 48 female 5-week-old SPF 
Kunming mice were intraperitoneally infected with 5 ×  
108 CFU/mouse SC19 and ΔhylS’ (24 mice per group). At 
6, 12, 24, and 48 h post-infection, six mice per group were 
sacrificed at each time point. Mouse organs were weighed, 
and bacterial numbers in the blood, lungs, spleen, and 
brain were counted by plating serially diluted homogenates 
onto TSA plates, and CFUs were determined after over-
night incubation.

Statistical analysis

GraphPad Prism 8 software was used for statistical analysis. 
Unpaired one-tailed Student’s t-test was used to analyse the 
differences between the two groups from the results of 

protein interaction detected by ELISA, detection of deposi-
tion of C3b or MAC, survival in serum or whole blood, 
phagocytosis assay and bacterial loads in mouse tissues. 
The Log Rank test was used to analyse the survival rates 
between different groups in the mice infection assay. ****p  
< 0.0001; ***p < 0.001; **p < 0.01; *p < 0.05; ns, p > 0.05.

Results

HylS’ of S. suis SC19 had no hyaluronidase activity

Hyaluronidase has been reported as a virulence factor in 
various bacterial species because of its ability to degrade 
hyaluronic acid [47,48]. We aligned the nucleic acid 
sequences putatively encoding hyaluronidase from SC19 
with those of other S. suis strains. The results showed that 
the region putatively encoding hyaluronidase from SC19 
had four insertions compared to that from clinical isolate 
0895, which had 21, 3, 2, and 1 bp insertions at positions 
192, 330, 1554, and 2036, respectively (Figure 1(a)). The 
sequence of SC19 was identical to that of strains P1/7, 
P517/03P4, and MNCM01. Strain 0895 had the same 
nucleic acid sequence as strains MNCM04, MGGUS5, 
and MGGUS9. These results indicated that the region 
encoding the hyaluronidase-like fragment in SC19 was 
divided into four genes. Additionally, we confirmed that 
the four truncated genes were co-transcribed in an operon 
(Fig. S1). The relative positions of the four genes are shown 
in Figure 1(a). These genes were named h1215 (1569 bp), 
h1214 (492 bp), hylS’ (702 bp), and h1212 (651 bp) 
(Figure 1(a)).

Then, the genes h1212, hylS’, h1214 and h1215 were cloned 
into expression vectors, enabling the expression and pur-
ification of the recombinant proteins H1212, HylS,’ H1214, 
and H1215, respectively. The hyaluronidase activities of 
SC19 and 0895 and the recombinant proteins H1212, 
HylS,’ H1214, and H1215 of S. suis were assessed. No visible 
halo was observed around the growth area of SC19 on the 
plate containing hyaluronic acid, indicating that SC19 had 
no hyaluronidase activity (Figure 1(b)). As controls, strain 
0895 and a self-constructed mutated SC19 (SC19hylA, 
SC19 containing intact hylA in place of four truncated 
genes) displayed a clear halo, i.e., the dark grey circle 
around the bacteria (Figure 1(b)), indicating the hyalur-
onidase activity of intact HylA. There were no halos 
around E. coli expressing HylS,’ H1212, H1214 or H1215 on 
plates containing hyaluronic acid (Figure 1(c)). In con-
trast, E. coli expressing HylA at 0895 exhibited hyaluro-
nidase activity (Figure 1(c)). Taken together, these results 
indicated that S. suis SC19 and its proteins H1212, HylS,’ 
H1214 and H1215 had no hyaluronidase activity.
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Figure 1. Sequence analysis of the genomic region encoding HylA of S. suis and hyaluronidase activities of HylA and the products of 
truncated HylA. (a) Analysis of nucleic acid sequence of the genomic region encoding HylA of S. suis. Upper panel shows the sequence 
comparison of S. suis SC19 and another clinical isolate 0895. Letters with yellow shading highlight the differences in these two sequences. 
The region encoding HylA in the SC19 genome was split into four genes (h1215, h1214, hylS’ and h1212) as indicated in the sequences and 
in the gene location figure in the lower panel. (b) Hyaluronidase activities of different S. suis strains. Compared with the strain 0895 with 
intact hylA and strain SC19hylA with intact hylA instead of truncated hylA, no halo around the growth area of SC19 could be observed, 
indicating that SC19 had no hyaluronidase activity. (c) Hyaluronidase activities of the proteins of H1212, HylS,’ H1214, H1215 and HylA 
when expressed in E. coli BL21. The genes encoding H1212, HylS,’ H1214, and H1215 were amplified from SC19 and the gene encoding 
intact HylA was amplified from 0895. The genes were cloned into plasmid pET28a and transformed into BL21. The hyaluronidase activities 
of BL21 containing different recombinant proteins were analysed. There was no halo around the growth area of BL21 and BL21 containing 
H1212, HylS,’ H1214 or H1215, indicating none of these proteins had hyaluronidase activity. BL21 containing intact HylA was used as the 
positive control. All the experiments were performed in triplicate.
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HylS’ of S. suis SC19 is a secretory protein 
interacting with complement C3b

Western ligand blotting and pull-down assays were used 
to determine whether HylS’ or its adjacent associated 
fragments H1212 and H1214 and H1215 or HylA from 
S. suis 0895 interacted with human complement C3b. 
The results revealed an interaction between HylS,’ HylA, 
and C3b (Figure 2(a,b)). Fragments H1212, H1214 and 
H1215 did not bind to C3b. The controls, GST, the expres-
sion tags of HylS’ and HylA, and BSA had no interaction 
with C3b (Figure 2(a,b)). Additionally, the results of the 
pull-down assays were consistent with those of the wes-
tern ligand blotting. After SDS-PAGE, HylS’ and HylA 
were associated with a band corresponding to the size of 

C3b (Figure 2B(a)). This band was confirmed to be C3b 
by western blotting (Figure 2B(b)). Thereafter, ELISA was 
used to further confirm the interaction of C3b with HylS,’ 
which showed that C3b could bind to HylS’ in a dose- 
dependent manner in HylS’-coated plates (Figure 2(c)). 
Similarly, C3b could bind to HylS’ in a dose-dependent 
manner in C3b-coated plates (Figure 2(c)). The negative 
control, BSA, did not show any binding ability to C3b or 
HylS’ (Figure 2(c)). Altogether, these results show that 
S. suis HylS’ interacts with human complement C3b.

To determine the subcellular localization of S. suis HylS’ 
(27kDa), the HylS’ polyclonal antibody reactivity of differ-
ent bacterial cellular components was assessed by western 
blotting. Anti-HylS’ reactivity was observed in 

Figure 2. HylS’ and HylA interact with complement C3b. (a) Western ligand blotting was used to detect interaction of H1212, HylS,’ 
H1214, H1215 or HylA with C3b. Purified recombinant proteins GST- H1212, GST-HylS,’ GST-H1214, GST-H1215, and GST-HylA were 
separated by SDS-PAGE. One gel was visualized by Coomassie blue staining (a). The proteins present in a separate identical gel were 
transferred onto a PVDF membrane, incubated with C3b, then detected with anti-C3 antibody followed by incubation with HRP- 
conjugated goat-anti-mouse IgG (b). BSA and GST were used as negative controls. The final lane was protein His-C3b. (b) Pull-down 
assay was used to detect the interaction of HylS’ or HylA with C3b. Samples from bacterial cells expressing different recombinant 
proteins (100 μg per sample) were loaded onto glutathione resin columns, incubated with normal human serum (NHS), and analysed 
by SDS-PAGE after Coomassie blue staining (a) and western blotting using anti-C3b antibody (b). Protein His-C3b was used as the 
control. (c) ELISA detection of interaction of HylS’ and C3b. C3b was applied to HylS’- or BSA-coated plates to determine the C3b 
binding capacity (a). HylS’ was applied to C3b- or BSA-coated plates to determine the HylS’ binding capacity (b). Unpaired one-tailed 
Student’s t-test was used to do statistical analysis, ****p < 0.0001.
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concentrated culture supernatants, but not in cell lysates or 
cell wall proteins (Figure 3(a)), indicating that HylS’ is 
a secretory protein in S. suis. Compared with the parental 
strain SC19, the HylS’ band could not be detected in the 
culture supernatants of the gene-depleted mutant of hylS’ 
(ΔhylS’) (Figure 3(b)). The cell wall anchored protein SntA 
(91kDa) used as a control [20] was observed in cell lysates 
and cell wall protein extracts, but not in culture super-
natants (Figure 3(c)).

HylS’ inhibits C3b and MAC deposition on S. suis

To further study the role of HylS’ in the immune 
evasion and virulence, SC19, ΔhylS’ and complemen-
tary strain (CΔhylS’) were used in the further studies 
(Fig. S2). SC19, ΔhylS’, CΔhylS’ and SC19hylA were 
incubated with fresh human serum, and the amount 
of C3b bound to the surface of the bacteria was 
detected using a fluorescence-labelled C3b antibody. 
The mean geometric fluorescence intensity (GMF) illu-
strated that the amount of C3b conjugated with ΔhylS’ 
was higher than that of SC19 and CΔhylS’ (p < 0.0001, 
Figure 4(a,c)). The C3b deposition index of ΔhylS’ was 
significantly higher than those of SC19 and CΔhylS’ 
(Figure 4(a,c)). Furthermore, the formation of MAC 
on bacteria was measured using fluorescently labelled 
monoclonal anti-C5b-9 antibody. The GMF detected 
for ΔhylS’ was higher than that of SC19 and CΔhylS’ 
(p < 0.0001, Figure 4(b,d)). The MAC deposition index 
of ΔhylS’ was also significantly higher than that of SC19 

and CΔhylS’ (Figure 4(b,d)). In addition, increased 
deposition of C3b and MAC was found on the surface 
of SC19hylA compared with SC19, but was much lower 
than that of ΔhylS’ (p < 0.001, Figure 4). Taken 
together, these results show that the presence of HylS’ 
inhibits the deposition of C3b and MAC on S. suis.

HylS’ enhances the survival ability of S. suis in 
serum and blood, and resistance to phagocytosis

Deposition of C3b on the surface of bacteria can 
affect bacterial survival in serum and blood. Thus, 
SC19, ΔhylS’ and CΔhylS’ were incubated with fresh 
human serum or blood to evaluate whether HylS’ 
affects the survival of S. suis in the serum and/or 
blood. The survival of SC19 in human serum was 
determined as 95 ± 7% after 25 min incubation. In 
comparison, the survivability of ΔhylS’ cells 
decreased to 74 ± 1% (Figure 5(a)). In addition, 
the survival of SC19 in human whole blood was 
105 ± 9% after 30 min, but the survival percentage 
of ΔhylS’ was only 62 ± 9% (Figure 5(b)). There was 
no significant difference between SC19 and CΔhylS’ 
in the serum or blood (Figure 5(a,b)). Hence, the 
presence of HylS’ significantly improved the ability 
of S. suis SC19 to survive in human serum and 
blood samples.

C3b can not only be deposited on the surface of 
bacteria to contribute to MAC activity but is also 
known to facilitate phagocytosis of pathogens. Thus, 

Figure 3. HylS’ is a secretory protein. The subcellular localization of HylS’ was determined by immunodetection of different 
components of bacteria. (a) Cell lysates, secreted proteins, and cell wall components were prepared from S. suis SC19 and subjected 
to western blot analysis using mouse anti-HylS’ polyclonal antibody, followed by HRP-conjugated goat-anti-mouse IgG. The band 
showed the size of protein HylS’ (27 kDa). (b) The secreted proteins of SC19 and the mutant ΔhylS’ were prepared and subjected to 
western blot analysis using mouse anti-HylS’ polyclonal antibody, followed by HRP-conjugated goat-anti-mouse IgG. The band 
showed the size of protein HylS’ (27 kDa). (c) The known cell wall anchored protein SntA was used as a control. Cell lysates, secreted 
proteins and cell wall components were prepared from S. suis SC19 and subjected to western blot analysis using mouse anti-SntA 
polyclonal antibody, followed by HRP-conjugated goat-anti-mouse IgG. The bands showed the size of SntA (91 kDa).
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the ability of SC19, ΔhylS’ and CΔhylS’ strains to resist 
phagocytosis by macrophages and neutrophils was 
assessed. After incubation with macrophages, the pha-
gocytosis percentage on ΔhylS’ was 13 ± 2%, which 
was significantly higher than that of SC19 and 
CΔhylS’ (p < 0.05) (Figure 5(c)). At the same time, by 
using the GFP expressing strains of SC19, ΔhylS’ and 
CΔhylS, the fluorescent bacteria inside the RAW264.7 
cells were measured using flow cytometer. The mean 
geometric fluorescence intensities illustrated that the 
amount of ΔhylS’-GFP engulfed by RAW264.7 cells 
was significantly higher than that of SC19-GFP and 
CΔhylS’-GFP (p < 0.001, Fig. S3). Similarly, the survival 
percentage of ΔhylS’ was 35 ± 1% in neutrophils, which 
was significantly lower than that of SC19 and CΔhylS’ 
(p < 0.05) (Figure 5(d)). Therefore, the ability of S. suis 
SC19 to resist phagocytosis by macrophages and neu-
trophils was HylS’-dependent.

HylS’ contributes to the pathogenicity of S. suis 
in vivo

The survival of mice infected with equivalent doses of 
SC19 and ΔhylS’ was determined over 8 days. After two 
days post-infection, 37.5% of the mice infected with 
SC19 survived. In contrast, 87.5% of the mice in the 
ΔhylS’-infected group survived (p < 0.05) (Figure 6(a)). 

None of the mice in the negative control group died. 
Over the next 6 days, no mice in the infected and 
control groups died. Additionally, the bacterial loads 
in the tissues of the SC19 and ΔhylS’-infected groups 
were compared after a lower infection dose. The blood, 
lungs, spleens, and brains of the mice were collected at 
6, 12, 24, and 48 h post-infection (hpi). At 6 hpi, the 
CFUs of SC19 in the blood, spleens, brains, and lungs 
were significantly higher than those of ΔhylS’ (p < 0.05). 
In the brains, from 6 to 48 hpi, the bacterial loads 
of ΔhylS’ mice were lower that of SC19 infected mice 
(p < 0.05) (Figure 6(b)). Taken together, these results 
indicated that HylS’ contributes to the pathogenicity of 
S. suis SC19 in mice.

Discussion

It is critical for bacteria to develop mechanisms to 
evade the host immune system to colonize and prolif-
erate in the target host. The complement system is one 
such mechanism that enables the protection of humans 
and animals against invading pathogens. However, 
many pathogens have evolved strategies that interfere 
with their complement activity. Such complement eva-
sion strategies include the production of proteases that 
degrade complement components, direct interactions 
with the complements, or the expression of 

Figure 4. HylS’ inhibits C3b deposition and MAC on S. suis. (a) Flow cytometry histogram showing C3b deposition on S. suis. The 
same amount of SC19, SC19hylA, ΔhylS’, and CΔhylS’ were incubated with normal human serum and bacterial culture supernatants of 
each strain. The bacteria incubated with C3b antibody were mixed with FITC-conjugated goat-anti-mouse IgG, then washed and 
detected by flow cytometry analysis. (b) Histogram showing MAC formation on S. suis. The same amount of SC19, SC19hylA, ΔhylS’, 
and CΔhylS’ were incubated with normal human serum and bacterial culture supernatants of each strain were subjected to flow 
cytometry analysis. C5b-9 antibody was used as the first antibody and FITC-conjugate goat-anti-mouse IgG as the secondary 
antibody. (c-d) Geometric mean fluorescence intensity (GMF) values of C3b deposition (c) and MAC formation (d) on S. suis. Data are 
shown as mean values ± SD from three independent experiments. Statistical analyses were performed using the unpaired one-tailed 
Student’s t-test, ****p < 0.0001; ***p < 0.001.
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complement modulators [49]. The deployment of com-
plement evasion strategies facilitates immune escape, 
enabling bacteria to cross the host mucosal epithelial 
barrier, enter the bloodstream, and spread into target 
organs such as the brain to cause disease [50–52].

S. suis is an important zoonotic pathogen that has 
the ability to evade the host immune system. In the 
tonsils, S. suis survives by escaping phagocytosis by 
macrophages. In addition, the bacterium can invade 
the spleen, liver, kidney, and blood–brain barrier. 
Thus S. suis can cause meningitis, sepsis and STSLS 
[15,53]. Previous studies have reported the ability of 
S. suis to modulate and/or inhibit complement activity 
through the expression of proteins that directly interact 
with the complement components or receptors. These 
include the factor H-binding protein Fhb [54], factor 
H-binding protein FHBP [55], C1q binding protein 

SntA [20], and cholesterol-binding cytolysin suilysin, 
which binds C3aR and C5aR [56]. S. suis endopeptidase 
O (SsPepO) interacts with plasminogen, which is acti-
vated to produce plasmin to cleave C3b [57], and 
immunoglobulin M-degrading enzyme (IdeSsuis) spe-
cifically cleaves porcine IgM to escape opsonization and 
complement-mediated killing [58].

In this study, we identified a novel C3b interacting 
protein expressed by S. suis named HylS,’ which origi-
nates from hyaluronidase. Hyaluronidase is an impor-
tant virulence factor in many pathogens. For example, 
hyaluronidase (HylB) in Group B Streptococcus enhances 
the virulence of this pathogen [59]. It has been reported 
that co-administration of hyaluronidase with 
S. pneumoniae increases the number of mice who get 
meningitis [60]. However, in this study, we found that 
S. suis strain SC19 had no hyaluronidase activity. 

Figure 5. HylS’ enhances the survivability of S. suis in serum, blood and resistance to phagocytosis. (a) Survival of SC19, ΔhylS’ and 
CΔhylS’ in human serum. The same amount of bacteria were incubated with human serum for 25 min, and the bacterial numbers were 
determined by viable counting after serial dilution and plating on TSA plates. Inactivated serum was used as a negative control. Survival 
percentages of bacteria were calculated as (CFUactive serum /CFUinactivated serum) × 100%. (b) Survival of SC19, ΔhylS’ and CΔhylS’ in whole 
blood. The same amount of bacteria (CFUinput) were incubated with heparinized human whole blood for 60 min, and the bacterial 
numbers were determined (CFUoutput). Survival percentages of bacteria were calculated as (CFUoutput/CFUinput) × 100%. (c) The ability 
of SC19, ΔhylS’ and CΔhylS’ to resist phagocytosis. The same amount of bacteria (CFUinput) were incubated with mouse macrophage 
RAW264.7 cells at a MOI of 1:10 (cell to bacteria). RAW264.7 cells were lysed with saponin and the bacterial numbers were determined 
(CFUoutput). The relative number of live bacteria was calculated as (CFUoutput/CFUinput) × 100%. (d) The ability of SC19, ΔhylS’ and 
CΔhylS’ to resist neutrophils-mediated killing. The same amount of bacteria were incubated with human neutrophils (PMNs) separated 
from fresh human blood at a MOI of 1:10 (cells to bacteria) together with human normal serum or heat-inactivated serum. PMNs were 
lysed and the bacterial numbers were determined. The relative number of live bacteria was calculated as (CFUserum/CFUinactivated 
serum) × 100%. Data are shown as mean values ± SD from three independent experiments. Statistical analyses were performed using the 
unpaired one-tailed Student’s t-test, ****p < 0.0001; ***p < 0.001; **p < 0.01; ns, p > 0.05.
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Analysis of the DNA sequence in the putative hyaluro-
nidase-encoding region in SC19 revealed four insertion 
mutations when compared to the equivalent intact hya-
luronidase-encoding locus present in strain 0895, which 
possessed hyaluronidase activity (Figure 1(a)). The same 
mutations found in SC19 have also been described in 
S. suis strains belonging to the ST1 group, which are 
considered highly virulent and do not have hyaluroni-
dase activity [61]. Exogenous hyaluronic acid may 
enhance the virulence of S. suis strains without hyalur-
onidase activity by upregulating virulence genes [61]. In 
addition, the absence of hyaluronidase activity in the 
majority of S. suis strains, which can infect humans 
and swine, indicates that hyaluronidase should not be 
considered as an essential virulence factor [61,62]. In the 
SC19 genome, the region encoding hyaluronidase was 
split into four genes, in which hylS’ was the third gene, 
702 bp in length. We found that neither the entire region 
nor the four split genes showed hyaluronidase activity 
(Figure 1(b)). However, among the four genes, the 
expression product of hylS’ could interact with the host 
complement C3b (Figure 2). The intact hyaluronidase 
from strain 0895 also bound to C3b, most likely because 
of the HylS’ component of the protein (Figure 2). Since 
intact hyaluronidase HylA had both hyaluronidase activ-
ity and complement binding ability, it was difficult to 
distinguish between the two roles experimentally. The 
fragment HylS’ without hyaluronidase activity was used 
to evaluate its roles on complement evasion and 

pathogenicity. In a previous study, one fragment of 
HylA was described as interacting with a eukaryotic 
protein, angiogenin inhibitor 1, identified from 
a murine brain cDNA library [35]. By comparing the 
sequences of primers used in that study, we found that 
the gene identified was most likely h1215, the first gene 
of the four truncated fragments of hylA. Together with 
the findings of our study, it can be speculated that the 
HylS’ fragment has other functions as well.

C3b is a key component of the complement sys-
tem. Proteins synthesized by pathogens mainly inhi-
bit the action of C3 in three ways: inhibition of C3 
convertase formation, cleavage of C3b, or interaction 
with C3b to impact its function [51]. For example, 
the extracellular fibrinogen-binding protein secreted 
by S. aureus interacts with C3b and directly impairs 
C3 convertase [63]. The C3b-binding protein Ecb in 
S. aureus also blocks C3 convertases [64]. The sialy-
lated type III capsular polysaccharide of Group 
B Streptococcus prevents C3 deposition on the bac-
terial surface and phagocytic elimination [65]. In this 
study, HylS’ was found to bind C3b as a secretory 
protein (Figure 2 and 3). C3b deposition on the sur-
face of the hylS’ deletion mutant was significantly 
increased compared to the wild-type strain 
(Figure 4(a,c)), which should be due to the lack of 
HylS’ protein in the secreted proteins of ΔhylS’ 
(Figure 3(b)). C3b-deposited bacteria are more sus-
ceptible to death. It has been recognized that the 

Figure 6. HylS’ contributes to the pathogenicity of S. suis. (a) Survival curves of mice infected with SC19 and ΔhylS’. Two groups 
of mice (n = 8) were injected intraperitoneally with 2 × 109 CFU of SC19 or ΔhylS’. The Log Rank test was used to analyse the 
survival rates between different groups. **p < 0.01 (b) Bacterial loads in tissues of mice infected with SC19 and ΔhylS’. Two 
groups of mice (n = 6) were injected intraperitoneally with 5 × 108 CFU of SC19 or ΔhylS’. Data are shown as mean values ± SD. 
Statistical analyses were performed using the unpaired one-tailed Student’s t-test, ****p < 0.0001; ***p < 0.001; **p < 0.01; 
*p < 0.05; ns, p > 0.05
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critical effect of complement to fight gram-positive 
bacteria is opsonization, by which C3 and C3b are 
deposited on bacteria to facilitate phagocytosis by 
PMNs, monocytes, and macrophages [66]. In this 
study, ΔhylS’ was significantly more susceptible to 
phagocytosis by macrophages and PMNs (Figure 5 
(c,d) and Fig S3AB). Complement receptor CR1 on 
the surfaces of macrophages and neutrophils engages 
with C3b resulting in opsonization [67,68]. 
Therefore, it is reasonable to infer that HylS’ protects 
S. suis from phagocytosis by interacting with C3b, 
probably by reducing the binding of C3b to receptors 
on phagocytes (Figure 7). RAW macrophage phago-
cytosis experiments were carried out without any 
source of complement in the assay (Figure 5(c) and 
Fig S3AB), suggesting that HylS’ may also participate 
in the evasion of phagocytosis via a complement- 
independent manner. Compared to the wild-type 
strain, there was a significant increase in MAC for-
mation with ΔhylS’ (Figure 4(b)). MAC formation is 
the final step of the complement activation pathway, 
and results in bacterial lysis [69]. The interaction of 
HylS’ with C3b may block the formation of C5 con-
vertase, thereby affecting the deposition of C5b on 
the bacterial cell surface, resulting in a reduction in 
MAC formation, making SC19 less susceptible to 
complement attack (Figure 7). Finally, it was dis-
covered that the deletion of HylS’ reduced the sur-
vival of S. suis SC19 in human serum and blood 

(Figure 5(a,b)), lethality in mice, and bacterial loads 
in their organs (Figure 6). Because HylS’ lacks hya-
luronidase activity, its contribution to the full viru-
lence of S. suis is most likely due to its ability to 
interact with C3b. Taken together, these results sug-
gest that S. suis HylS’ interacts with complement 
C3b, possibly consuming C3b in the serum, leading 
to a series of biological effects, including reduced 
C3b deposition and phagocytosis of bacteria, and 
decreased MAC formation on bacteria, which could 
promote the survival of S. suis in the blood and 
enhance its virulence in vivo (Figure 7). Intact 
HylA was also found to have C3b binding ability 
(Figure 2(a,b)). However, compared with the wild- 
type SC19 carrying HylS,’ the mutated SC19 carry-
ing the intact HylA had increased deposition of C3b 
and MAC formation in S. suis (Figure 4). We spec-
ulate that some lineages of S. suis have lost the 
ability to express hyaluronidase in the evolutionary 
process, and the tradeoff is that its mutated product 
HylS’ has a greater ability to bind C3b (Figure 4(c)).

In conclusion, this study demonstrated that the 
genomic region encoding hyaluronidase in S. suis 
SC19 was truncated into four fragments and that 
the strain had lost hyaluronidase activity. The pro-
duct of one fragment, HylS,’ binds to host C3b, lead-
ing to reduced deposition of C3b and MAC on 
S. suis. The contribution of HylS’ to SC19 survival 
in serum and blood, and resistance to PMNs was 

Figure 7. Model of HylS’-mediated complement evasion of S. suis. In the genome of S. suis strain SC19, the hylS’ gene is derived from 
the hyaluronidase-encoding hylA gene: HylS’ does not have hyaluronidase activity. HylS’ can interact with host complement C3b, 
leading to the inhibition of C3b deposition on the bacterial surface, blockade of C5 convertase synthesis, and ultimately less MAC 
formation on the bacterial surface. Bacteria with reduced C3b deposition are less likely to be recognized by receptors on the surface 
of macrophages and neutrophils, and are more resistant to phagocytosis. This strategy of complement evasion promotes bacteria to 
further invade host tissues and organs.
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consistent with the block of deposition of C3b and 
MAC on bacteria. Virulence of the HylS’-deleted 
mutant was also significantly reduced. Thus, we dis-
covered a novel complement evasion protein of 
S. suis and identified possibly underestimated func-
tions of truncated fragments of hyaluronidase.
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