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RESEARCH PAPER

A distinct variant of the SzM protein of Streptococcus equi subsp. zooepidemicus 
recruits C1q independent of IgG binding and inhibits activation of the classical 
complement pathway
René Bergmanna, Wieland Schroedla, Uwe Müller b, and Christoph Georg Baums a

aInstitute of Bacteriology and Mycology, Centre for Infectious Diseases, Faculty of Veterinary Medicine, Leipzig University, Leipzig, Germany; 
bInstitute of Immunology, Centre for Infectious Diseases, Faculty of Veterinary Medicine, Leipzig University, Leipzig, Germany

ABSTRACT
Streptococcus equi subsp. zooepidemicus (SEZ) is a major equine pathogen that causes pneumonia, 
abortion, and polyarthritis. It can also cause invasive infections in humans. SEZ expresses the 
M-like protein SzM, which recruits host proteins such as fibrinogen to the bacterial surface. Equine 
SEZ strain C2, which binds only comparably low amounts of human fibrinogen in comparison to 
human SEZ strain C33, was previously shown to proliferate in equine and human blood. As the 
expression of SzM_C2 was necessary for survival in blood, this study investigated the working 
hypothesis that SzM_C2 inhibits complement activation through a mechanism other than fibrino-
gen and non-immune immunoglobulin binding. Loss-of-function experiments showed that SEZ 
C2, but not C33, binds C1q via SzM in IgG-free human plasma. Furthermore, SzM C2 expression is 
necessary for recruiting purified human or equine C1q to the bacterial surface. Flow cytometry 
analysis demonstrated that SzM expression in SEZ C2 is crucial for the significant reduction of C3b 
labelling in human plasma. Addition of human plasma to immobilized rSzM_C2 and immobilized 
aggregated IgG led to binding of C1q, but only the latter activated the complement system, as 
shown by the detection of C4 deposition. Complement activation induced by aggregated IgG was 
significantly reduced if human plasma was pre-incubated with rSzM_C2. Furthermore, rSzM_C2, 
but not rSzM_C33, inhibited the activation of the classical complement pathway in human plasma, 
as determined in an erythrocyte lysis experiment. In conclusion, the immunoglobulin- 
independent binding of C1q to SzM_C2 is associated with complement inhibition.
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Introduction

S. equi subsp. zooepidemicus (SEZ) causes diseases in 
horses, pigs, ruminants, dogs, and humans [1,2]. In 
horses, SEZ often colonizes mucosal surfaces of the 
upper respiratory tract and genital tract. However, it is 
also a major equine pathogen. Ascending or invasive 
infection may lead to pathologies such as pneumonia, 
arthritis, endometritis and abortion [3–5]. Outbreaks of 
severe disease occurred in the Icelandic horse population 
[6] but also in pigs in China and North America [7–9]. 
Horses are an important source of zoonotic infections 
[10]. In humans, severe diseases such as septicaemia, 
endocarditis and meningitis have been observed [11–13].

SEZ expresses at least one dimeric coiled-coil M-like 
protein, designated SzM and SzP, on the bacterial sur-
face, similar to the human pathogen S. pyogenes [14]. 
SzM showed high heterogeneity, but human SEZ iso-
lates grouped into distinct szm clusters, indicating the 
high zoonotic potential of strains of these clusters [15]. 

Distinct variants of SzM have been shown to bind 
equine fibrinogen (Fg) [15–17]. Recently, we demon-
strated that two SzM proteins (SzM_C2 and SzM_C33) 
bind to the Fc region of human IgG [15].

M-protein-mediated Fg binding is important for com-
plement evasion in group A streptococci (GAS) [18]. 
Sandin et. al. [19] showed through functional analysis of 
mutants expressing variants of the M5 protein still binding 
FHL-1 (factor H) and human serum albumin but deficient 
in Fg binding, that the B-repeat region is crucial for pha-
gocytosis resistance due to its role in Fg binding. However, 
many M proteins do not bind Fg but interfere with com-
plement deposition and phagocytosis by recruiting human 
C4b-binding protein (C4BP), an inhibitor of the classical 
complement pathway [20,21]. An older study [22] showed 
that C1q directly binds to two proteins within the M family 
in GAS M5 and M76. However, the functional conse-
quences of this interaction have not yet been investigated 
further and a motif for C1q binding has not been described.
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The prominent binding of human Fg is 
a characteristic phenotype of zoonotic SEZ isolates. 
Accordingly, zoonotic strain C33 recruits high 
amounts of human Fg to the bacterial surface. 
However, the equine strain C2 binds significantly 
lower amounts of human Fg but still proliferates in 
human blood [15]. As expression of SzM is crucial 
for the survival of SEZ in equine and human blood 
[15], the SzM-mediated interaction between SEZ and 
host proteins was investigated in this study. The 
finding that SEZ C2 binds C1q, the main activator 
of the classical complement pathway, independent of 
IgG via SzM led us to investigate the working 
hypothesis that C1q binding to SzM_C2 leads to 
inhibition of the complement system.

Results

SEZ strain C2 directly binds human complement 
component C1q via SzM

To identify further interactions of SzM with host pro-
teins, SEZ strains C2, C2ΔSzM, C33, and C33ΔSzM 
were incubated in human plasma and IgG-free human 
plasma (IgG was depleted by passing plasma through 
a protein G column). Host proteins recruited to the 
bacterial surface were eluted and subjected to SDS- 
PAGE and Western blot analyses (Figure 1). In SDS- 
PAGE analysis under reducing conditions, SEZ wt 
strain C2, but not its isogenic szm mutant or the wt 
strain C33, showed numerous bands between 25 kDa 
and 35 kDa, as well as a band clearly below 25 kDa after 
incubation in human plasma. Although less prominent, 
these bands were also recorded in the eluate of SEZ C2 
after incubation with IgG-free human plasma. We 
hypothesized that the 26 kDa, 24 kDa and 20 kDa 
fragments of C1q were among these bands and con-
ducted western blotting [23]. This analysis showed that 
the SEZ strain C2, but not the szm deletion mutant 
C2ΔSzM or wt SEZ C33, bound human C1q 
(Figure 1a). This binding was also observed in the 
absence of IgG. Binding of C1q to SEZ strain C33 was 
not detectable. Notably, SzM-dependent binding of 
human IgG to the bacterial surface was recorded 
under these conditions for both SEZ wt strains 
(Figure 1a).

In addition, plasma absorption assays with normal 
and IgG-free equine plasma were performed, and 
C1q and IgG binding was analysed by western blot-
ting (Figure 1b). The wild-type strain C2, but not the 
mutant C2ΔSzM, bound equine C1q in the absence 
of IgG. As expected, horses carried specific IgG anti-
bodies against SEZ, indicated by prominent IgG 

signals in the case of the szm deletion mutants 
C2ΔSzM and C33ΔSzM. Accordingly, antigen-bound 
IgG recruited C1q to the surface of the szm deletion 
mutants.

To show direct C1q binding and exclude the con-
tribution of IgM to C1q binding, SEZ strains C2, 
C2ΔSzM, C33, and C33ΔSzM were incubated with pur-
ified human IgG and human C1q or C1q alone 
(Figure 1c). The same experimental setup was used to 
analyse the binding of equine C1q (Figure 1c). Host 
proteins bound to the bacterial surface were eluted and 
subjected to western blotting analysis. SEZ C2 bound 
human and equine C1q directly, and no IgG was neces-
sary. Direct C1q binding to SEZ C2 was mediated by 
the M-like protein SzM_C2, as the szm deletion mutant 
C2ΔSzM did not show this phenotype. SEZ strain C33 
did not bind human or equine C1q in the absence of 
immunoglobulins. In conclusion, immunoglobulin- 
independent binding of human and equine C1q to 
SEZ C2 is a distinct phenotype of this strain mediated 
by its SzM protein.

SzM expression reduces C3b deposition on the 
bacterial surface of SEZ in human plasma

As the expression of SzM in SEZ C2 and C33 is 
necessary for survival in equine and human blood 
[15] and SzM_C2, but not SzM_C33, binds C1q 
(Figure 1), we asked whether these phenotypes are 
associated with reduced complement C3b deposition 
on the bacterial surface. Specifically, flow cytometric 
analysis of C3b deposition in wild-type and mutant 
strains after incubation in human and equine plasma 
was conducted. The apathogenic bacterium 
Lactococcus lactis was included for comparison. 
EDTA-treated plasma, in which the complement sys-
tem is inactivated, served as a negative control. In 
human plasma, wild-type SEZ strain C2 showed sig-
nificantly lower C3b deposition than C33, and C3b 
deposition was significantly increased in Lactococcus 
lactis compared to both SEZ strains (Figure 2a). In 
contrast, no significant differences in C3b deposition 
were recorded for the various investigated strains 
after incubation in equine plasma under the chosen 
experimental conditions (Figure 2c). Importantly, 
C3b deposition was significantly enhanced in both 
isogenic szm mutants in comparison to the wild- 
type SEZ strains C2 and C33 in human plasma 
(Figure 2b). This result indicates that SzM expression 
in SEZ strains C2 and C33 is involved in complement 
evasion in the human blood. As SEZ strain C2 binds 
comparably low amounts of hFg [15] and human 
blood generally does not contain SEZ-specific IgG 
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antibodies, the results suggest that C1q binding of 
SzM_C2 is involved in the reduction of C3b 
deposition.

Recombinant SzM_C2 but not rSzM_C33 binds 
human C1q and inhibits activation of the human 
classical complement pathway

To analyse C1q binding by SzM and its subsequent 
interaction with the complement cascade, recombinant 
M proteins were coated on ELISA plates and incubated 
with human plasma. Immobilized rSzM_C2 showed 
dose-dependent binding of C1q, but complement acti-
vation was not observed, as indicated by C4 analysis 
(Figure 3). Immobilized heat-aggregated human IgG, 
used as a positive control, recruited C1q and activated 
the complement system, as shown by C4 deposition 
(Figure 3a). The immobilized rSzM_C33 did not bind 
to C1q and did not induce C4 deposition (Figure 3a). 
To further investigate the inhibition of complement 
activation by rSzM_C2, human plasma was pre- 
incubated with rSzM and subsequently incubated in 

the wells of an ELISA plate coated with heat- 
aggregated human IgG. Activation of the complement 
system was again detected by the deposition of C4. 
rSzM_C2, but not rSzM_C33, led to dose-dependent 
inhibition of complement activation, as recorded by C4 
deposition induced by immobilized aggregated IgG 
(Figure 3b). In conclusion, rSzM_C2, but not 
rSzM_C33, binds to C1q and inhibits complement acti-
vation induced by aggregated IgG. This suggests that 
rSzM_C2 interferes with the activation of the classical 
complement pathway by binding to C1q to prevent its 
activation.

The classical complement activation pathway was 
further studied in haemolysis assays using sera containing 
antibodies directed against erythrocytes. Specifically, we 
comparatively investigated the impact of rSzM_C2 and 
rSzM_C33 on complement activation in a haemolysis 
assay using sera drawn from piglets vaccinated with 
sheep erythrocytes [24]. Pre-incubation of porcine anti- 
sheep erythrocyte serum with rSzM_C2 resulted in 
a significant reduction in erythrocyte haemolysis, indicat-
ing that rSzM_C2 interferes with activation of the classical 

Figure 1. SDS-PAGE and Western blot analysis of host plasma proteins recruited to the bacterial surface. (a) Bacteria were incubated 
with normal human plasma (1) or IgG-free human plasma (2). Host proteins bound to the bacterial surface were eluted and 
subjected to SDS-PAGE and Western blot analysis. SEZ strain C2 but not the mutant C2ΔSzM bound C1q.
(b) Bacteria were incubated with normal equine plasma (1) or IgG-free equine plasma (2). Host proteins bound to the bacterial surface were 
eluted and subjected to Western blot analysis. SEZ strain C2 but not the mutant C2ΔSzM bound equine C1q. 

(c) Western blot analysis investigating binding of purified IgG and C1q to the bacterial surface. Bacteria were incubated with human or 
equine IgG and human or equine C1q or C1q alone as indicated. Host proteins bound to the bacterial surface were eluted and subjected to 
Western blot analysis. SEZ strain C2 bound human and equine C1q directly. IgG was not necessary for this binding. Direct C1q binding was 
mediated by the M-like protein SzM, as shown by the loss-of-function of the mutant C2ΔSzM. 
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complement pathway (Figure 3c). In contrast, rSzM_C33 
did not inhibit immunoglobulin-mediated haemolysis. 
Figure 3d shows a modified haemolysis assay designed 
to analyse the interaction of SzM with the human com-
plement system. Briefly, sheep erythrocytes were incu-
bated with EDTA-inactivated porcine anti-sheep 
erythrocyte serum, and erythrocytes were antibody 
labelled. After washing the antibody labelled erythrocytes, 
human heparinized plasma (as a source of the active 
complement system) pre-incubated with rSzM_C2 or 
rSzM_C33 proteins was added. Pre-incubation of 
human plasma with rSzM_C2, but not rSzM_C33, sig-
nificantly inhibited the human complement-mediated 
lysis of erythrocytes (Figure 3d). Additionally, inhibition 
of IgG-mediated activation of the complement system in 
human plasma by rSzM was analysed (Figure 3e). Sheep 
erythrocytes were labelled with purified porcine anti- 

sheep erythrocyte IgG. After washing the IgG-labelled 
erythrocytes, human plasma pre-incubated with rSzM 
protein was added. rSzM_C2 completely inhibited IgG- 
mediated activation of the complement system, whereas 
rSzM_C33 did not significantly inhibit lysis. In conclu-
sion, rSzM_C2 inhibits the activation of the classical 
complement pathway in porcine serum and human 
heparin plasma.

Discussion

SEZ is an important pathogen in horses and a neglected 
zoonotic agent that causes invasive infections. Survival 
and proliferation in the blood are important steps in 
the pathogenesis of various pathologies caused by SEZ. 
Our previous study demonstrated that the expression of 
the M-like protein SzM in SEZ strains C2 and C33 is 

Figure 2. Expression of SzM in SEZ C2 and C33 is crucial for significant reduction of C3b labelling in human but not in equine 
plasma. Flow cytometry analysis of C3b deposition on bacteria incubated with human (a and b) or equine plasma (c) at 37°C for 30  
min. After incubation in plasma, the bacteria were stained with a FITC-labelled goat F(ab)2 anti-human C3 antibody, which also 
detects equine C3. The deposition of C3 at the bacterial surface is shown as the geomean of the fluorescence intensity of all gated 
bacteria. EDTA-treated plasma, in which the complement system is inactivated, served as a negative control. The apathogenic 
bacterium Lactococcus lactis was used as a positive control for complement activation (n = 3).
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crucial for survival in equine and human blood [15]. 
The data presented in the former and current study 
indicate that the two strains use different strategies to 
prevent complement activation on the bacterial surface 
in human plasma. The SEZ strain C33 recruits large 
amounts of human fibrinogen to the bacterial surface 
[15]. It is likely that SzM_C33 mediated binding of 
human fibrinogen to the bacterial surface leads to 
reduced C3b deposition (Figure 2b). This is in 

accordance with previous studies showing that fibrino-
gen binding by M-like proteins or M-proteins is 
a complement evasion mechanism in GAS [18,25]. 
However, SEZ strain C2 binds much less human fibri-
nogen and still shows the lowest value for labelling with 
C3b in human plasma. As C3b deposition on SEZ_C2 
was significantly reduced by SzM expression, we pos-
tulated that a further function of SzM_C2 is crucial for 
complement inhibition.

Figure 3. (a) rSzm binds C1q but does not activate the complement system. ELISA plates were coated with rSzM and heat 
aggregated human IgG (positive control) and incubated with the indicated amounts of human plasma. Bound C1q and C4 were 
detected with a goat anti-human complement C1q and a goat anti-human complement C4 antibody, respectively. Heat-aggregated 
human IgG was recognised by C1q and led to an activation of the complement system, shown as C4 deposition. rSzM_C2 bound C1q 
but did not activate the complement system as no C4 deposition was detected. (b) rSzM_C2 leads to an inhibition of complement 
activation. One percent human plasma was pre-incubated with the indicated amounts of rSzM at 37°C for 1 h. Then, pre-incubated 
plasma was incubated in the wells of an ELISA plate, coated with heat-aggregated human IgG. Activation of the complement system 
was detected by the deposition of C4. rSzM_C2 showed a dose-dependent inhibition of complement activation as shown by 
detection of C4 deposition, whereas rSzM_C33 did not influence C4 deposition. (c) rSzM_C2 but not rSzM_C33 inhibits activation of 
the classical complement pathway in porcine serum. Porcine anti-sheep erythrocyte serum (of three different pigs) was pre- 
incubated with recombinant SzM proteins at 37 °C for 30 min. Pre-incubated serum was mixed with washed sheep erythrocytes 
and incubated for 2 h at 37 °C. Haemolysis of erythrocytes was determined by measuring the absorbance at 405 nm of the 
supernatant. (d) rSzM_C2 but not rSzM_C33 inhibits activation of the classical complement pathway in human plasma. Sheep 
erythrocytes were antibody labelled with EDTA-treated porcine anti-sheep erythrocyte serum. afterwards, antibody-labelled ery-
throcytes were washed and incubated with human plasma (source of active complement system), which was pre-incubated with the 
indicated rSzM variants. (n = 3). (e) rSzM_C2 but not rSzM_C33 inhibits IgG-mediated activation of the complement system in human 
plasma. Sheep erythrocytes were antibody labelled with purified porcine anti-sheep erythrocyte IgG. Afterwards, IgG-labelled 
erythrocytes were washed and incubated with human plasma (source of active complement system), which was pre-incubated 
with the indicated rSzM variants. (n = 3).
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In GAS, motifs for immunoglobulin, fibrinogen or 
plasminogen binding have been described in differ-
ent M-proteins [26]. Amino acids 276 to 311 of the 
SzM_C2 protein show high homology to the IgG- 
binding S-region of the M1-protein of GAS [27] 
and the M-protein FOG of group G streptococci 
(GGS) [28] (Fig. S1). Accordingly, we previously 
showed that rSzM_C33 and rSzM_C2 bind to the 
Fc fragment of human IgG [15]. This study con-
firmed the SzM-dependent binding of IgG to the 
bacterial surface of both SEZ strains via plasma 
absorption assays (Figure 1). The hexamer formation 
of IgG on surfaces recruits C1q and constitutes an 
efficient way to activate the classical complement 
pathway [29]. Staphylococcal protein A blocks IgG 
hexamerization on the bacterial surface by competi-
tive binding to the Fc-Fc interaction interface on IgG 
monomers [30]. Accordingly, one might speculate 
that non-immune binding of IgG to the surface of 
the SEZ caused by SzM expression also prevents IgG 
hexamerization and subsequent complement activa-
tion. This could explain the enhanced C3b deposi-
tion on the bacterial surfaces of both szm mutants 
observed after incubation in human plasma 
(C2ΔSzM and C33ΔSzM in Figure 2b). However, it 
has been shown that the orientation of the IgG anti-
body on the surface of GAS depends on the IgG 
concentration [31]. At high IgG concentrations, as 
present in plasma, IgG is mostly bound to the bac-
terial surface via Fab and not through Fc binding of 
M and M-like proteins.

Strikingly, SzM-dependent differences in C3b 
deposition were not observed after incubation in 
equine plasma. The difference between human and 
equine plasma might be explained by the presence of 
SEZ-specific antibodies in equine plasma, but not in 
human plasma. The level of SEZ-specific antibodies 
in equine plasma may be too high to reduce C3b 
deposition through SzM-mediated complement eva-
sion. This interpretation is in accordance with the 
finding that IgG antibodies bind mainly via the Fab 
part to streptococci incubated in the plasma [31].

The isogenic mutants C2ΔSzM and C33ΔSzM 
showed significantly increased deposition of C3b on 
the bacterial surface compared to the respective wt 
strains. We agree that it is important to show the 
gain-of-function through complementation in such 
experiments. However, we failed to complement 
these mutants for unknown reasons. As M and 
M-like proteins are the main virulence and comple-
ment evasion factors in different pathogenic strepto-
cocci [18,32–34], it appears very likely that this 

phenotype is due to the in-frame deletion of szm 
and not a polar effect.

We demonstrated that SEZ C2 recruits human C1q, 
independent of Ig, to the bacterial surface via SzM_C2 
expression. The following findings indicate that SzM- 
mediated binding of C1q to SzM_C2 is involved in 
reduced C3b deposition on the bacterial surface: (i) bind-
ing of C1q to immobilized rSzM_C2 does not lead to 
complement activation as determined by C4 deposition 
(Figure 3a); (ii) soluble rSzM_C2 inhibits complement 
activation initiated by immobilized heat-aggregated IgG 
(Figure 3b), and (iii) rSzM_C2, but not rSzM_C33, inhi-
bits the classical complement pathway as measured in 
different haemolysis assays (Figure 3c-e). The latter can-
not be explained by IgG Fc binding of SzM_C2, as 
SzM_C33 also binds to the Fc region of IgG [15]. The 
described functions of rSzM_C2 are in accordance with 
the hypothesis that the SzM_C2-mediated, Ig indepen-
dent binding of C1q to SEZ_C2 (Figure 1) contributes to 
complement evasion in this strain.

Agarwal et al. [35] showed that secreted endopepti-
dase O (PepO) of S. pneumoniae binds to C1q. Similar 
to our results for SzM_C2, PepO inhibited the classical 
complement pathway, as determined in a haemolysis 
assay with antibodies directed against erythrocytes and 
human complement. However, binding of C1q to 
immobilized PepO was associated with C3b deposition, 
whereas we did not observe deposition of C4 after 
binding of C1q to immobilized SzM_C2 (Figure 3a). 
Accordingly, PepO secretion is associated with comple-
ment activation and, as a consequence, complement 
consumption. In contrast, we postulate that the binding 
of C1q to SzM_C2 prevents complement activation of 
bound C1q.

Expression of the cell wall-anchored protein SntA by 
S. suis leads to reduced C3b deposition and MAC forma-
tion on the bacterial surface [36]. This complement eva-
sion function is associated with the SntA-mediated 
binding of C1q. Similar to SzM_C2, SntA interferes with 
activation of the classical complement pathway, as deter-
mined in the haemolysis assay. Thus, different unrelated 
bacterial proteins are involved in complement evasion 
through the binding of C1q. However, C1q binding is in 
comparison to other mechanisms, such as recruitment of 
the complement inhibitor factor H or fibrinogen, a rather 
uncommon mechanism of complement evasion in bac-
teria [18,32,37]. In contrast, numerous parasites, such as 
Trypanosoma cruzi, Haemonchus contortus and 
Trichinella spiralis, express the C1q binding protein cal-
reticulin to inhibit the classical complement activation 
pathway on the parasite surface [38–40]. In T. spiralis, 
this binding is associated with reduced neutrophil killing 
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of newborn larvae [40], indicating that C1q binding is 
involved in immune evasion.

Non-immune binding of IgG by M- and M-like 
proteins is considered to be an immune evasion 
mechanism, but differences have been described 
regarding the binding of C1q to this complex. Binding 
of equine IgG4 and IgG7 to the M protein of S. equi 
subsp. equi disrupts C1q binding and antibody- 
mediated activation of the classical complement path-
way [41]. Accordingly, we recorded SzM-dependent 
recruitment of human IgG to the bacterial surface of 
the SEZ strain C33, but were unable to detect C1q on 
its surface (Figure 1a). In contrast, IgG bound via Fc to 
the M-like protein FOG of GGS was still capable of 
binding C1q.

Binding of C1q to pneumococci mediates not only 
complement evasion but also adhesion and invasion of 
epithelial and endothelial cells [42]. Whether C1q is 
also a bridging molecule to host cells for the SEZ is 
the subject of further studies.

In this study, we compared the two SzM proteins. 
Both proteins mediate the survival of SEZ in the 
human blood [15]. Although the expression of 
SzM_C33 leads to the decoration of the bacterial 
surface with human fibrinogen, only SzM_C2 binds 
directly to C1q. We postulate that both interactions 
are involved in complement evasion and survival in 
the human blood. The results of this study are in line 
with the concept that the diversity of SzM proteins is 
associated with important differences among SEZ 
strains in host – pathogen interactions and that 
SzM is a multifunctional protein.

Materials and methods

Bacterial strains and growth conditions

SEZ was cultured in Todd-Hewitt broth supplemented 
with 0.5% yeast extract. The isogenic mutants C2ΔSzM 
and C33ΔSzM carrying in-frame deletions of the 
respective szm genes were generated in our previous 
study [15]. E. coli strain XL1 blue carrying 
pQE30_SzM_C2 or pQE30_SzM_C33 [15] was grown 
in Luria Bertani (LB) broth or on LB agar including 
ampicillin (100 µg/ml). M15 medium was used for cul-
tivation of Lactococcus lactis. Bacteria were cultured at 
37 °C.

Expression and purification of recombinant 
his-tagged proteins

Recombinant His-tagged SzM_C2 and SzM_C33 were 
expressed in E. coli harbouring pQE30_SzM_C2 and 

pQE30_SzM_C33 [15], respectively, and purified 
using Protino Ni-TED columns (Macherey-Nagel), as 
previously described [15].

Plasma and C1q absorption assays with Western 
blot analysis

Plasma absorption assays of SEZ with equine or human 
plasma were conducted using acidic glycine buffer, as 
previously outlined [15]. For the C1q absorption assay, 
washed bacteria were incubated in PBS with 2 µg 
human C1q ±10 µg human IgG and 5 µg equine C1q 
±20 µg equine IgG.

Supernatants were subjected to SDS-PAGE analysis 
and staining with InstantBlue (Expedeon), as described 
[15]. Western blot analysis was conducted after transfer 
of proteins to nitrocellulose membranes and blocking 
of membranes with 5 % (w/v) skim milk powder in 
TBS-T.

Goat IgG anti-horse IgG HRP (Dianova, 108-035- 
003) and goat IgG anti-human IgG HRP (Dianova, 109- 
035-088) were used as antibodies against equine and 
human IgG, respectively. Human and equine C1q were 
detected using goat IgG anti-human complement 1q/ 
C1q (Calbiochem, Cat. #234390), and rabbit F(ab)2 
anti-goat IgG (horradish peroxidase HRP (A24452; 
Invitrogen). Membranes were developed after washing 
three times with TBS-T using WesternBright 
Chemiluminescence Substrate (Biozym).

Equine C1q purification

Equine C1q was purified from horse serum by affinity 
chromatography using Sepharose-bound rabbit IgG, as 
described by McKay [43]. Chromatography was con-
ducted using the FPLC system ÄKTAprime plus (code 
no:03009481) and Sepharose products from GE 
Healthcare Bio-Sciences AB (Uppsala, Sweden) accord-
ing to the manufacturer’s instructions.

IgG isolated from rabbit serum with protein 
G-Sepharose (HiTrap Protein G, 1 mL) was bound to 
NHS-Sepharose (HiTrap NHS-activated HP, 1 mL) at 
a concentration of 10 mg/mL. After equilibration of the 
IgG-Sepharose gel with 50 mM Tris/HCl, 0.1 M NaCl, 
20 mM EDTA (pH 7.2), 45 mL horse serum containing 
20 mM EDTA was passed through the column at a flow 
rate of 1 °mL/min. After washing the gel with 30 mL of 
the mentioned Tris buffer, elution was conducted with 
a continuous NaCl gradient ranging from 0.1 M to 1.5  
M NaCl.

The samples with prominent elution peaks were 
concentrated to 2 ml via centrifugal filtration 
(Vivaspin, Sartorius, exclusion limit 30 kDa). The 
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concentrated eluate was fractionated using size- 
exclusion chromatography (HiLoad 16/600, Superdex 
200 pg, code no:28-9893-35) with PBS (pH 7.35) at 
a flow rate of 1 mL/min. Fractions 24–26 (2 mL per 
fraction) of the known molecular size range of C1q 
between 300 and 500 kDa showed the highest purity 
of C1q and were used for further analysis. Only C1q 
fractions free of IgG and IgM, which were tested using 
western blotting, were used in the experiments.

IgG purification with Protein G columns

IgG purification from plasma or sera was performed 
using Cytiva HiTrap Protein G HP Prepacked 
Columns, according to the manufacturer’s instructions. 
The eluted IgG was dialysed against PBS. IgG-free 
plasma was obtained by applying the plasma multiple 
times through a HiTrap™ Protein G HP Prepacked 
Column. Between each run, IgG was eluted from the 
column and the column was equilibrated with PBS. 
IgG-free plasma was analysed by western blotting for 
the complete removal of IgG.

Flow cytometric analysis of C3b deposition on 
streptococci

Complement deposition on the streptococcal surface 
was assessed as follows: Streptococci were grown to an 
OD600 of 0.35, centrifuged, and washed once with PBS. 
The OD600 value was adjusted again to 0.35. One milli-
litre of this bacterial suspension was incubated with 
100 µL human or equine plasma at 37° C for 30 min. 
Staining of C3 labelled bacteria was conducted with 
250 µL of a 1:250 diluted FITC-conjugated goat F(ab)2 

anti-human C3 antibody (Protos Immunoresearch) for 
1 h at 4 °C [44]. EDTA-treated plasma was used as the 
negative control. Samples were measured using a 
FACSCalibur (BD, Heidelberg, Germany) and analysed 
using FlowJoTM_V10 software.

rSzM interaction with complement components 
(ELISA C1q and C4 deposition)

To assess the ability of rSzM to interact with the com-
plement pathway, microtiter plates were coated with 2  
µg/well rSzM or heat aggregated human IgG (positive 
control) in PBS overnight at 4°C. The plates were 
washed three times with 200 µL TBS-T at each step. 
The plates were blocked with 200 µL 2 % BSA in TBS-T 
for 1 h at 37 °C. After blocking, the plates were washed 
and human plasma (1 %, 0.5 %, and 0.25 % in PBS) was 
added to the plates and incubated at 37 °C for 1 h. 
Following the incubation, deposited complement 

proteins were detected using specific goat IgG anti- 
human complement 1q/C1q (Calbiochem, Cat. 
#234390), goat anti-human complement 4/C4 
(Calbiochem Cat. #204886), and rabbit F(ab)2 anti- 
goat IgG HRP (Invitrogen, A24452) in TBS-T 0.2 % 
BSA. Wells were washed four times with 200 µL TBS-T. 
One hundred microlitre ABTS solution was added and 
plates were incubated at 37 °C for 30 min. OD405 nm was 
measured photometrically. Three independent experi-
ments were conducted in triplicate.

To investigate inhibition of the classical complement 
pathway by rSzM, 1% human plasma was incubated 
with increasing concentrations of rSzM (0.125 µg − 4  
µg per 100 µL 1 % plasma) at 37°C for 1 h. After pre- 
incubation, mixtures were added to heat aggregated 
human IgG-coated plates (2 µg/well) and incubated at 
37 °C for 1 h. Deposited complement C4 was detected, 
as described above.

Haemolysis assay

The interference of rSzM with the activation of the 
classical complement pathway was investigated in 
a haemolysis assay with porcine serum directed against 
sheep erythrocytes [24]. In all experiments, erythrocytes 
were washed three times with PBS and adjusted to 1 % 
dilution. To investigate complement inhibition in hae-
molysis assays, 80 µg rSzM protein was pre-incubated 
with 200 µL 10% porcine anti-sheep erythrocyte serum 
at 37 °C for 30 min. After pre-incubation, 50 µL of the 1 
% erythrocyte dilution was added and incubated at 37 
°C for 1 h. Following the incubation, the samples were 
centrifuged at 1000 × g to pellet intact cells, and the 
haemolytic activity (i.e. the number of lysed erythro-
cytes and released haemoglobin) was determined by 
spectrophotometric measurement of absorbance at 
405 nm. Lysis obtained using ddH2O was defined as 
100% haemolytic activity. Three different porcine 
serum samples, each in triplicate, were used.

Furthermore, a modified haemolysis assay was 
developed to analyse the interaction of SzM with 
the human complement system. Briefly, 1% sheep 
erythrocyte solution was incubated with EDTA 
(final concentration: 15 mM)-inactivated porcine 
anti-sheep erythrocyte serum, and erythrocytes were 
antibody labelled. After washing, 50 µL of the anti-
body labelled erythrocytes was incubated with 200 µL 
of 10% human heparinized plasma (as a source of 
active complement system) pre-incubated with 80 µg 
rSzM proteins (37 °C for 30 min). Erythrocyte lysis 
was determined as described previously. Notably, the 
modified haemolysis assay did not work with equine 
plasma, as erythrocytes labelled with porcine 
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antibodies and incubated with equine plasma showed 
no haemolysis (data not shown).

Purified porcine IgG anti-sheep erythrocyte antibodies 
were used for the haemolysis assay as follows. Briefly, 1 % 
sheep erythrocyte solution was incubated with porcine IgG 
anti-sheep erythrocyte antibodies in 15 mM EDTA in PBS. 
After washing, 50 µL of the antibody-labelled erythrocytes 
was incubated with 200 µL of 10 % human heparinized 
plasma (as a source of active complement system) pre- 
incubated with 80 µg rSzM proteins (37 °C for 30 min). 
Erythrocyte haemolysis was determined as described 
previously.

Statistical Analysis

Statistical analysis was performed using Prism soft-
ware, version 7 (GraphPad, San Diego, CA, United 
States). Differences between multiple groups were 
determined using ANOVA followed by Sidak´s or 
Tukey´s multiple comparisons test. All figures repre-
sent the means and SD. Significant differences are 
indicated by asterisks. Probabilities were considered 
as follows p < 0.05 *, p < 0.01 **, p < 0.001 ***.

Accession number(s)

Nucleotide sequences of szm of SEZ strains C2 and C33 
were deposited in GenBank under the accession num-
bers MH286972.1 and MH286987.1, respectively.

Availability of data

The data that support the findings of this study are 
available from the corresponding author [CGB] upon 
reasonable request.
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