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ABSTRACT

Streptococcus suis (S. suis) causes meningitis, arthritis and endocarditis in piglets. The aim of this
study was to characterize the IgM degrading enzyme of S. suis (Idess,;) and to investigate the role
of IgM cleavage in evasion of the classical complement pathway and pathogenesis. Targeted
mutagenesis of a cysteine in the putative active center of Ides,;; abrogated IgM cleavage
completely. In contrast to wt rldes,;s, point mutated rldes,,;;_C195S did not reduce comple-
ment-mediated hemolysis indicating that complement inhibition by rldes s depends on the
IgM proteolytic activity. A S. suis mutant expressing ldes,,;;_C195S did not reduce IgM labeling,
whereas the wt and complemented mutant showed less IgM F(ab’)2 and IgM Fc antigen on the
surface. IgM cleavage increased survival of S. suis in porcine blood ex vivo and mediated comple-
ment evasion as demonstrated by blood survival and C3 deposition assays including the com-
parative addition of rldesy,;s and rldesy,;s C195S. However, experimental infection of piglets
disclosed no significant differences in virulence between S. suis wt and isogenic mutants without
IgM cleavage activity. This work revealed for the first time in vivo labeling of S. suis with IgM in the
cerebrospinal fluid of piglets with meningitis. In conclusion, this study classifies Idess,;s as a
cysteine protease and emphasizes the role of IgM cleavage for bacterial survival in porcine
blood and complement evasion though IgM cleavage is not crucial for the pathogenesis of
serotype 2 meningitis.
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1/2 can cause invasive disease as well. The distribution
of serotypes depends on the geographical region [4].
However, special adaption to its main host, the pig, is
not well understood. A myriad of virulence-associated
factors involved in immune evasion have been
described for S suis [6,7]. Virulence factors involved
specifically in complement evasion on the other hand
are scarce. Proven or potential candidates are the poly-
saccharide capsule [8], factor H binding proteins FhB
and Fhbp [9] and lastly the IgM protease Ides,; [10].
Ideg,;s» expressed universally among S. suis serotypes,
is a highly specific protease, with porcine IgM as its sole
substrate [11]. Ideg,,;s shows homology to other strep-
tococcal immunoglobulin degrading enzymes such as
IdeS of S. pyogenes, IdeZ of S. equi subsp.

Introduction

S. suis disease is one of the main reasons for high
economic losses in pig husbandry worldwide [1]. S.
suis colonizes the mucosal surfaces of healthy pigs but
can lead to invasive disease, mainly in growing piglets
of approximately five to ten weeks of age [2,3]. These
piglets might develop suppurative meningitis, arthritis,
endocarditis, serositis and septicemia upon S. suis
infection [1]. S. suis is also an emerging zoonotic
agent especially in Southeast Asia [4].

The species S. suis is very heterogeneous. It has been
divided into 35 serotypes and more than 700 sequence
types (ST) [5]. Serotype 2 is worldwide the most fre-
quently isolated from diseased pigs and humans [4].
However, other serotypes such as serotypes 9, 7, 3 and
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zooepidemicus, IdeE of S. equi subsp. equi and IdeP of S.
phocae subsp. phocae [12]. Idegs,;;;, however, remains
the only specific IgM protease and, in contrast to the
above mentioned IgG proteases, possesses a long
C-terminal domain not involved in protease activ-
ity [11].

IgM has important effector functions in immunity.
First of all, IgM represents not only the main class of
natural antibodies [13], but is also the first antibody
being produced in response to antigenic stimula-
tion [14]. Secondly, IgM is the main activator of the
classical complement cascade. It is an estimated 1000
times more potent in activating complement than IgG
[15]. Activation of complement leads to opsonophago-
cytosis, direct killing of bacteria via the terminal mem-
brane attack complex (MAC), induction of
inflammation and recruitment of immune cells [16].
Recently, the complement system, traditionally
regarded as part of the innate immune system, has
been linked to adaptive immunity, especially T-and
B-lymphocytes [16]. Both T-and B-lymphocytes possess
the IgM receptor FcuR [15] and IgM can enhance the
induction of memory B cells in mice [17]. Lastly,
monomeric IgM is the only B-cell receptor (BCR) of
naive porcine B-cells since pigs do not express IgD as a
BCR [18]. The possession of an IgM protease can be
pivotal for pathogens early in infection and in young
animals when IgM titers are highest. Previous studies of
our group showed, that expression of Ideg,,;; reduced
IgM-mediated C3 deposition on the bacterial surface
and has a positive effect on survival of S. suis in porcine
blood in the presence of specific IgM titers [10]. The
aim of this study was to investigate if Idegy,; is a
cysteine protease and to specifically test if the IgM
cleavage activity of Ideg,,; is involved in complement
evasion and virulence.

Results

Point mutation of cysteine 195 to serine in the
putative active center of rides,;s leads to
abrogation of IgM cleavage activity

Sequence homologies to known streptococcal cysteine
proteases and a protease inhibitor profile [11] suggested
that the IgM protease Ideg,;s is a cysteine protease. In
order to proof this hypothesis and further elucidate the
role of IgM cleavage by Ides,,;; in complement evasion
and virulence, a point mutation was introduced into the
putative active center of rldeg,,;. The cysteine at position
195 was replaced by a serine, the rest of the gene remain-
ing intact. The point mutation was also introduced into
the truncated construct rldeg,;; homologue lacking the
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large C-terminal domain. Expression and purification of
full length protein was verified for the different recombi-
nant Idegy,;s constructs by Coomassie staining (Fig. S1).
Analyzing the IgM cleaving activity of cysteine to serine
point mutated recombinant rldeg,;; C195S and
rldeg;,;s homologue C195S by Western Blot analysis
revealed that both recombinant constructs are unable to
cleave porcine IgM (Figure 1). Hence, the presence of a
cysteine at position 195 is crucial for IgM cleavage. This
finding indicates that Ideg,,; is indeed a cysteine pro-
tease, in accordance with its homology to the IdeS-family
of streptococcal immunoglobulin degrading enzymes.

Reduction of complement-mediated hemolysis
depends on IgM cleavage

To investigate the role of IgM cleavage in inhibition of the
classical complement pathway, a hemolysis assay was con-
ducted. It could be shown that 5 pg/ml rIdegq,; suffices to
reduce complement-mediated hemolysis by over 90%
in the presence of high anti-erythrocyte IgM titers
(Figure 2(a)) as elicited by prime vaccination of a pig with
sheep erythrocytes. Hemolysis could not be reduced in the
presence of high anti-erythrocyte IgG titers as shown by
hemolysis assays conducted with a porcine anti-erythrocyte
serum drawn fourteen days after prime booster immuniza-
tion (Fig. S2). Hemolysis caused by the classical comple-
ment pathway was abrogated only by rldeg,; and
rldes,;s_homologue, not by rldegq,;, C195S,
rldegg,;s_homologue_C195S  or  rldegy,; C_domain
(Figure 2(b)). Thus, the IgM cleaving activity of rIdegq,;s
alone must be responsible for abrogation of complement
activation in the presence of high IgM titers. An impact of
the C-terminal domain of Ideg,;; on complement activity
could not be demonstrated since hemolysis levels remained
unaffected by addition of rIdeg,;; C-domain (Figure 2(b)).
Hemolysis assays in the presence of high anti-erythrocyte
IgG titers revealed that none of the tested rldeg,,;; con-
structs, even those with IgM protease activity, were able to
reduce hemolysis (Fig. S2). In concordance with the results
obtained by the hemolysis assay, IgM labeling of sheep
erythrocytes was significantly reduced by rldeg,;; and
rldeg,;;_homologue, but not by the point mutated con-
structs rldegg,;; C195S and rldeg,,;; homologue C195S as
shown by flow cytometry (Figure 2(c)).

Addition of rides,;s and rldesg,;; homologue, but
not ridesg,;s C195S and rides,,;s homologue_C195S
promotes survival of S. suis 10Aidesg,;s in porcine
blood ex vivo

Previous work showed that the deletion mutant
10Aideg,,;; is attenuated in survival in porcine blood
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Figure 1. Point mutation of the cysteine 195 within the putative catalytic center of rldes,,;s leads to loss of IgM cleavage activity.
Porcine serum was incubated with 5 ug/ml of the indicated rldes,,;s constructs, followed by anti-pig IgM Western blot analysis with a
polyclonal anti-lgM antibody. Serum incubated with phosphate buffered saline served as negative control (-). A 10% percent
polyacrylamide gel was used for SDS-PAGE under reducing conditions. Marker bands in kDa are shown on the right-hand side. IgM

cleavage products are indicated by asterisks.

with high specific anti-S. suis IgM titers ex vivo [10]. To
investigate if the attenuation is due to the inability of
the mutant to cleave porcine IgM, blood survival assays
with external complementation of the mutant with
functional rldeg,,;; and non-functional rldeg,,;, C195S
were performed. In these assays, S. suis 10Aidegs,;
could survive significantly better in porcine blood of
growing piglets if rldeg,,;; was externally added
(Figure 3(a)). Survival was increased in a concentration
depend manner starting at a rldeg,,;; concentration of
2 pg/ml. Addition of 2 pg/ml rldeg,;s led to a survival
factor of the deletion mutant that was almost twice as
high as that of the wt. Addition of 20 ug/ml rldeg;,;
increased the survival factor of the deletion mutant to
levels almost nine times as high as the survival factor of
the wt. Importantly, there was no increase in bacterial

survival by addition of rldeg,;;_C195S, even at a con-
centration of 20 pug/ml (Figure 3(a)). In the plasma of
samples where rldeg,,;; had been added to 10Aideg;,;,
IgM cleavage products were detectable by anti-IgM
Western blot analysis (Figure 3(b)). Cleavage products
started to appear at 2 ug rldeg,;/ml. IgM cleavage
products were not detectable for blood samples incu-
bated with S. suis wt or 10Aides,,;; supplemented with
rldeg,,;s_C195S. A further independent blood survival
assay was conducted with the addition of 20 pg/ml
rldeg,,;;_homologue and rldeg,,;;_homologue_C195S
to S. suis 10Aideg,;. This assay confirmed that survival
of 10Aidegy,;s can only be increased by addition of
rldeg,,;s constructs with IgM cleavage activity
(Figure 3(c)). In conclusion, survival of S. suis
10Aideg,,;s in porcine blood is restricted by IgM



VIRULENCE 1317

A % % K
150- rrx
Q *kk
‘@ 100+
P
[<]
£
£
< 501
0-
ridesgyis (Mg/ml) . 5 20 100 200 - - - -
rldeggyis_C195S (ug/ml) - . . - . 5 20 100 200
*%
B
*% *%
1009 ., . _ =, 7.
post immunization serum
E rldeSsuis
)
g E] rldegsis_C195S
5 rldegs,is_homologue
g B rldeggis_homologue_C195S
= B rldegg,is_C_domain
o~
= rMrp
C *k

404

pre immunization serum
*kk *kk *kk *kk *kk

4
post immunization serum (post)
E=3 post + rideggyis

T E3 post + rldeggyis.C195S
&=
=

w
o
1

post + rldegg,is_homologue
post + rldegg,s_homologue_C195S

-
o
1

Mean Fluorescence
Intensity
N
o
1

EE= =1

Figure 2. In the presence of high S. suis specific IgM titers, complement-mediated hemolysis and labeling of sheep erythrocytes with
IgM are significantly reduced by rldes,,;; constructs with IgM cleaving activity, but not by rldes,;s constructs lacking IgM cleavage
activity due to the C195S point mutation. Hemolysis assays were performed by addition of purified sheep erythrocytes to pig anti-
sheep erythrocyte serum which had been pretreated with either different concentrations of rldes,,;; and rldes,,;;_C195S (a) or
different recombinant Ides,,;; constructs (b). The assays were performed with porcine serum drawn seven days after immunization
with sheep erythrocytes (n = 4). Bars and error bars represent mean and standard deviation and significant differences are indicated.
(@) Hemolysis induced by water was defined as one hundred percent and is represented by the first bar. (b) ridess,;s wt,
rldesg,;;_C195S, rldes,;;_homologue, rldes,;;_homologue_C195S, rldes,,;;_C_domain, rMrp were compared regarding their ability
to reduce complement mediated hemolysis at 18 pug/ml. Recombinant Mrp served as a control protein and was purified the same
way as rldes,;; constructs. Post immunization serum without either rldes,,;s construct served as negative control. (c) Flow cytometric
analysis of IgM labeled sheep erythrocytes was performed after addition of purified sheep erythrocytes to a heat inactivated porcine
anti-sheep erythrocyte serum drawn seven days after immunization and pretreated with 18 pg/ml of the indicated rldes;s
constructs. Serum drawn prior to immunization with sheep erythrocytes served as negative control. Serum drawn seven days
post immunization served as positive control. Bars and error bars show mean values and standard deviations (n = 6). Significant
differences are indicated by asterisks. Probabilities were considered as follows p < 0.05 *, p < 0.01 **, p < 0.001 ***,
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Figure 3. IgM proteolysis by rldes,,;; and rldess,;;_homologue promotes survival of S. suis 10Aides,;s in porcine blood. (a) Blood
survival assay in whole porcine blood of growing piglets with high specific anti-S. suis IgM antibody titers. S. suis 10Aides;,;s was
supplemented with 0.2, 2, 20 ug rldesq,;s or 20 pg rldes,,;s_C195S (n = 8) per ml blood. The survival factor of S. suis strain 10 and the
isogenic deletion mutant 10Aides,,;s in porcine blood with the addition of rldes,,;s and rldes,,;;_C195S after a two-hour incubation
period at 37°C is depicted. Bars and error bars represent means and standard deviations. Significant differences are indicated.
Probabilities were considered as follows p < 0.05 *, p < 0.01 **, p < 0.001 ***, (b) Anti-lgM Western blot analysis of plasma after the
blood survival assay shown in Figure 4(a). IgM cleavage products were detectable in plasma after a blood survival assay including 2
and 20 pg rldes,,;s and as faint bands in association with incomplete cleavage also for 0.2 pg rldes,,;;. Marker bands in kDa are
shown on the left-hand side. Asterisks indicate IgM cleavage products for the first positive lane. (c) Blood survival assay of S. suis
10Aides,,;s in whole porcine blood of growing piglets (n = 6). S. suis 10Aides,,;s was supplemented with 20 g rldes,,;;_homologue or
rldes,,;s_homologue_C195S per ml blood (n = 6). Survival factors were calculated and are depicted analogously to Fig. (A).



under the chosen  experimental conditions.
Furthermore, IgM cleavage through addition of
rldeg,,;s or rldeg,,;;_homologue is responsible for the
significant increase in survival of the S. suis 10Aidegq,;s
mutant.

Reduction of bacterial labeling with IgM depends
on the IgM cleaving activity of Idesg,;s

Two complemented S. suis mutants were generated to
investigate the role of IgM cleavage by Ideg,;s in the
pathogenesis of S. suis diseases further. Firstly,
10Aideg,,;; was chromosomally complemented to render
10Aides;,,;Videss,;s . EcoRI expressing wt Ideg,,;s- A silent
mutation (EcoRI site) was introduced in this strain for
further discrimination of wt and complemented mutant.
Secondly, the cysteine to serine point mutation of Ideg,,;s
was implemented in the chromosome of S. suis itself to
render Aidegy,;Videss,;; C195S. Site-directed mutagen-
esis was confirmed using sequencing and Southern
blot analysis including confirmation of the silent
mutation leading to the new EcoRI site in
10Aides;,,;Vides,,;s . EcoRI (Fig. S4 and S5). Anti-IgM
Western blot analysis showed that the complemented
strain 10Aideg;,;;Vides,,;;_EcoRI possesses full IgM clea-
vage activity whereas 10Aidegy,;Videg,,;; C195S is
unable to cleave porcine IgM (Figure 4(a)) even though
it expresses a stable Ideg,;s antigen (Fig. S3).
Opsonization induced by antibodies binding to the bac-
terial surface is an important immune defense mechanism.
Previous work showed that the expression of Ideg,;; leads
to reduction of surface bound IgM [11]. We hypothesized
that point mutation of the cysteine 195 and consequently
loss of IgM cleavage activity would lead to the inability of
Ideg,,;s to reduce the amount of surface-bound IgM. S. suis
wt, 10Aideg,,;; and the complemented mutants
10Aideg,,,; Videss,;s EcoRI and 10Aides,;Videgs,i;_ C195S
were therefore analyzed regarding their ability to reduce
labeling of bacteria with IgM. Flow cytometry (Figure 4(b))
and immunofluorescence microscopy (Figure 4(c))
showed that S. suis wt and 10Aideg,,,;Videg,is EcoRI
reduced surface-bound IgM by over 90% in contrast to
10Aideg,,;s and 10Aidegy,;Videgs,;s C195S. Reduction by
the wt and complemented mutant was significantly
higher than that by the mutants 10Aides; and
10Aideg,, ;;Vides,,;s C195S. None of the latter possessed
IgM cleaving activity. We hypothesized that upon IgM
cleavage, Fc fragments would become detached from the
bacterial surface, whereas F(ab’)2 fragments might remain
attached to it as Ideg,,;s cleaves the heavy chain of IgM at
the N-terminus of the C3 domain [9]. We therefore ana-
lyzed bacterial labeling with IgM using IgM-F(ab’)2 and
IgM-Fc specific antibodies, that were tested in Western
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Blot analysis to recognize the respective parts of porcine
IgM only (Fig. S6). Flow cytometry with these specific
antibodies revealed that both the percentage of F(ab’)2
positive and Fc positive cells within the S. suis population
were reduced by Idegy activity (Figure 5(a,)).
Analogously, the geometric mean fluorescence intensity
(MFI) of both the F(ab’)2 and the Fc signal was reduced
by Ides,,;s activity (Figure 5(b,d)). The reduction of the
IgM-F(ab’)2 signal was generally greater than that of the
IgM Fc signal. This was true also for the percentage of
the F(ab’)2 and Fc positive cells. Hence it can be concluded
that Ideg,;-mediated IgM cleavage leads not only to
detachment of IgM Fc fragments form the bacterial surface
but of IgM F(ab’)2 fragments as well.

IgM cleavage by rides,,;s reduces deposition of the
complement component C3 on the bacterial surface

Differences in surface-bound IgM in the investigated S.
suis strains led us to hypothesize that the loss of IgM
cleavage activity of expressed Ideg;,;s leads to increased
activation of the classical complement pathway and thus
increased labeling of bacteria with C3b antigen. Using a
serum depleted of IgG antibodies, it was shown that
10Aideg,,;s and 10Aideg,,;Vides,,;s C195S were indeed
significantly more labeled with C3 than S. suis wt
(Figure 6). Surprisingly, also the complemented mutant
10Aideg, ;Videss,;s EcoRI was significantly more labeled
with C3 than the wt (Videg,;c EcoRI: 28.94% C3+ cells;
SD: 2.6 vs. wt: 12.18% C3+ cells; SD: 1.6). When rldeg,;;
was added to 10Aides,;, C3 labeling was reduced by 91%
(Figure 6). A significant reduction in the percentage of C3
positive cells also occurred when rldeg,,;; C195S was
added to the deletion mutant, though with 28.5% it was
much less pronounced. In fact, 10Aideg,,;; supplemented
with rldegg,;s C195S was significantly more C3 labeled
than 10Aideg,,;; supplemented with functional rldeg,;
(17.76% C3+ cells; SD: 0.6 vs. 2.22% C3+ cells, SD: 0.3).
Furthermore, addition of rldeg,,;; to 10Aideg,; led to a
significant reduction in C3 labeling even when compared
to the level of C3 labeling of the wt (wt: 12.18% C3+ cells;
SD: 1.6 vs. 10Aideg,,;; + rIdegs,is: 2.22% C3+ cells; SD: 0.3).
Thence it can be concluded that activation of the classical
complement pathway and subsequent C3 labeling of S.
suis is reduced by the IgM cleaving activity of rIdeg,,;.

S. suis survival in porcine blood is restricted by
active complement

The ability to survive in blood is an important fea-
ture for any pathogen causing bacteremia and sys-
temic diseases after dissemination in the blood. We
hypothesized that loss of IgM cleavage would lead to
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bands in kDa are shown on the left-hand side. Asterisks indicate IgM cleavage products on the left side of the first positive lane. (b, ¢) The
indicated S. suis strains were grown to an ODgg, of 0.8, incubated in anti-S. suis serotype 2 hyperimmune serum for 0.5 hours at 4°C and then for
four hours at 37°C. IgM labeling of the bacterial surface was analyzed before and after incubation at 37°C by flow cytometry (n = 6) (b) and
fluorescent microscopy (c) using a monoclonal anti-lgM antibody and a phycoerythrin (PE)-labeled secondary antibody. The % reduction in
IgM labeling was calculated by subtracting the percental amount of IgM positive bacteria after a four-hour incubation period at 37°C from an
initially one hundred percent positive population before incubation at 37°C. (c) DAPI (4',6 diamidino-2-phenylindole) dye in blue was used to
stain DNA. IgM, labeled by the monoclonal anti IgM antibody and the PE-labeled secondary antibody appears in pink. Bars and error bars
indicate mean and standard deviation. Significant differences are indicated by asterisks. Probabilities were considered as follows p < 0.05 *,
p < 0.01**, p < 0.001 ***,
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10Aidess,;sVides,s_EcORI (Videss,s_EcoRI), 10Aidess,;Videss,s_C195S (Videsy,;_C195S) were incubated in a porcine anti-S. suis serotype 2
hyperimmune serum for 0.5 hours at 4°C and then for four hours at 37°C. Bacteria were stained with IgM F(ab’)2 and IgM Fc specific antibodies
and measured by flow cytometry (n = 7) before and after incubation at 37°C. (a) Reduction of the percentage of IgM Fc positive bacteria.
(b) Reduction of the geometric mean fluorescence intensity (MFI) of the IgM Fc signal. (c) Reduction of the percentage of IgM F(ab’)2 positive
bacteria. (d) Reduction of the geometric mean fluorescence intensity (MFI) of the IgM F(ab’)2 signal. The reduction in IgM labeling was
calculated by subtracting the percental amount or MFI of IgM positive bacteria after a four-hour incubation period at 37°C from an initially one
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Figure 6. IgM cleavage activity by rldes,,;s leads to reduction of C3 antigen on the bacterial surface. S. suis strain 10 (wt), 10Aides,;s
(Aidessy;s), 10Aidesq,;Videss,is_ECoRI (Vides,;s_EcoRl), 10Aides;,;Videss,s_C195S (Videsy,;;_C195S) were incubated in a 1:2 diluted IgG
depleted porcine anti-S. suis serotype 2 hyperimmune serum. After incubation at 37°C, bacteria were stained with a FITC-labeled
rabbit anti-human C3c antibody and measured by flow cytometry. S. suis strain 10 incubated in undiluted serum served as positive
control (+ ctrl). S. suis strain 10 incubated with heat-inactivated serum served as negative control (- ctrl). Bars and error bars represent
mean and standard deviation. Significant differences are indicated by asterisks. Probabilities were considered as follows p < 0.05 *,
p < 0.01 **, p < 0.001 ***,

10Aideg,,;Videgs,is C195S and 10Aideg,,;Videgs,is_
EcoRI, although the differences were not significant

increased killing of S. suis in porcine blood of grow-
ing piglets with high titers of S. suis specific IgM.

Blood survival assays revealed significantly higher
survival factors (SF) for S. suis wt than for
10Aideg,,;; in the blood of eight-week-old piglets
with high anti-S. suis IgM (71.4 ELISA units) and
high anti-S. suis 1gG (77.6 ELISA units) antibody
titers (Figure 7(a)). S. suis wt exhibited also higher

survival ~ factors in  porcine  blood  than

(Figure 7(a)). Nevertheless, S. suis mutants without
IgM cleavage activity (10Aideg,,;; and 10Aidegs,;s
Videg,,;;_C195S) had lower survival factors than
S. suis wt and 10Aideg,,;Videg,;s EcoRI (wt SF: 2.2,
SD: 1.7; 10Aideg,,;Videg,;s C195S SF: 0.7, SD: 0.7;
10Aideg,,;Videgs,is EcORI SF: 0.9; SD: 1.2; 10Aideg,,,;.
SF: 0.5, SD: 0.48).



1322 (&) V.RUNGELRATH ET AL.

A *

Survival Factor
(2]
i

0

20pg/ml VCP
4ug/ml VCP # .

0.4ug/ml VCP + +

B 100
80

60

sC5b-9
(ELISA units/ml)

40

20

0
w/oVCP +

S LT

4ug/ml VCP + + +

20pg/ml VCP + +

il 0w
Ll E Aidessis
Bl Videggis_EcoRl
B Videggs_C195S

XX
T,
%020 %%

20,

X
3
&

20,

X3
3
%Y

100

x3
2%

X
XX

1%

X
078,
KR

+
+

wt

E Aideggyis

E VideSsuiS_ECORl
m Videssuis_c1958

X

\/
-

.,.
X0
]
¥

O

e
9,

"
X

KA/
Da®.

N/
a0,

\A/
A’A’
XX

0

XXX
R/
N A’A

|/
KX

R/

Figure 7. Survival of S. suis serotype 2 in porcine blood is restricted by active complement. (a) Survival of S. suis strain 10 (wt),
10Aides,;s (Aides,;s) and the two complemented strains 10Aides,,;Videss,is_ ECORI (Videss,;;_ECoRI) and 10Aides,,;Videss,;;_C195S
(Videss,is_C195S) was analyzed in a whole blood survival assay with the addition of the complement inhibitor vaccinia virus
complement control protein (VCP). Porcine whole blood from growing piglets (n = 6) with high anti-S. suis IgM titers was pre-
incubated with 0.4, 4, 20 pug VCP/ml for five minutes at 37°C. 4 x 10° CFU/ml of the indicated S. suis strains were then added and the
survival factor determined by plate counting after two hours at 37°C. (b) Soluble C5b-9 was determined in porcine plasma after the
blood survival assay by sC5b-9 ELISA. A concentration dependent reduction in sC5b-9 levels was detectable after addition of VCP to

porcine whole blood (Pearson r values: wt:

—0,9487;

10Aides,,;:  —0,8485;  10Aidesyy;sVidess,s ECORl:  —0,9999;

10Aides,,;s Videss,is_C195S: 0,9821). Bars and error bars indicate mean and standard deviation. Significant differences are indicated
by asterisks. Probabilities were considered as follows p < 0.05 *, p < 0.01 **, p < 0.001 ***,

To investigate the role of complement in survival of
S. suis and mutants in porcine blood, the C3 convertase
inhibitor vaccinia virus complement control protein
(VCP) was added to the blood prior to the addition
of bacteria. VCP inhibits both the classical and the
alternative C3 convertase and has been shown to inhibit
the complement cascade in porcine blood [19]. VCP
was used at concentrations where it is known to inhibit
complement significantly but not completely [19]. The
addition of VCP led to a concentration dependent
increase of survival of all strains in porcine blood
(Figure 7(a)). Only at concentrations of 20 pug VCP/
ml blood the survival of S. suis increased significantly
above levels without complement inhibitor. Addition of

4 ug/ml VCP led to a doubling of the survival factor of
the wt, a triplication of the survival factor of 10Aideg;,;;
and 10Aides,,;Vides,,;;  EcORI and a 2.4-fold increase
of the survival factor of 10Aidegg,;sVidegg,is_ C195S, but
differences to the samples without VCP were not sig-
nificant. Furthermore, at 4 ug/ml VCP the survival
factors of S. suis wt and 10Aideg,,;Videgs,;. EcoRI
were higher than those of 10Aideg,,;; and
10Aideg;,;sVides,,;s C195S although differences were
not significant (wt vs. 10Aidegy,;s p = 0.109, wt vs.
10Aidegys Videsoi C1958 p = 0.101, 10Aidegs,s
Videsgyis ECORI vs. 10Aidessyis p = 0.943, 10Aidesgs
Videg,,is EcORI  vs.  10Aidegy,;s  Videg,is C195S
p = 0.798). Interestingly, addition of 4 pg/ml VCP to



10Aideg,,;; led to an increased survival of the mutant
approximating S. suis wt levels (SF wt: 2.2, SD: 1.712;
SF 10Aidegy,;s + 4 ug VCP: 1.6, SD: 1.749). As a read-
out parameter for complement activation in this assay,
soluble C5b-9 (sC5b-9) was measured after the
described blood survival assay. The sC5b-9 ELISA
revealed a concentration dependent decrease in sC5b-
9 levels in samples with VCP (Figure 7(b)). Significant
differences in sC5b-9 levels between S. suis strains were
not detected. In conclusion, survival of S. suis in por-
cine blood is restricted by active complement.

S. suis wt strain 10 shows higher survival factors
than the mutant strains 10Aides,;s and
104idesg,;sVidesg,;s C195S in opsonophagocytosis
assays

As tissue infected with S. suis is mainly infiltrated by
neutrophils, opsonophagocytosis assays were conducted
to specifically investigate the role of IgM cleavage in
evasion of killing by these immune cells.
Opsonophagocytosis assays did indeed reveal that the
survival factor of S. suis strain 10 (SF mean: 3.06, SD:
1.36) was significantly higher than that of 10Aideg;,;;
(SF mean: 1.27, SD: 0.85) and 10Aideg,,;; Videgs
C195S (mean: 1.36, SD: 0.59) (Fig. S7). However, the
survival factor of S. suis wt was also significantly higher
than that of 10Aides,,;s Vides,;; EcoRI (SF mean: 1.6,
SD: 0.81).

The complemented S. suis 10Aidesg,;Videss,is EcoRI
mutant expresses a thinner and less dense
polysaccharide capsule

Blood survival, opsonophagocytosis and C3 deposition
assays revealed phenotypic differences between the
complemented mutant 10Aideg,;Vides,,;; EcoRI and
the wt. Despite full IgM cleavage activity, the comple-
mented mutant showed lower survival factors in blood
survival and opsonophagocytosis assays and was signif-
icantly more C3 labeled than the wt. We conducted
comparative transmission electron microscopy of S.
suis strain 10, 10Aideg,;, 10Aideg,,;Videgs,is  EcoRI
and 10Aideg,,;Videss,;s_C195S to verify intact capsule
expression in these strains. However, electron micro-
scopy indicated that the morphology of the capsule of
10Aideg,; Videg,,is EcoRI differed from that of the
three other investigated strains (Figure 8). The capsule
of this complemented strain was less dense and less
compact. Additionally, measurements of the capsule
thickness  revealed  that  the  capsule of
10Aideg,,;Videgs,is_EcoRT  was significantly thinner
than that of the wt (mean capsule thickness of
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10Aides,,,;Videgs,, ;s EcoRI: 40.2 nm, SD: 4.0 vs. mean.
capsule thickness of the wt: 60.7 nm, SD: 5.3).
Differences in capsule expression between S. suis strain
10, 10Aideg,,;s and 10Aideg,;Videg,;. C195S were not
recorded. PCR analysis of 16 kb of the ¢ps2 locus of S.
suis strain 10 and 10Aideg,,;; Vides,,;. EcoRI was con-
ducted to investigate if larger deletions or insertions in
cps genes were detectable in the complemented mutant.
However, the cps amplification products did not differ
in size between S. suis strain 10 and 10Aideg,;,
Videg,,;s EcoRI (Fig. S8). In conclusion, the attenuated
phenotype of 10Aideg;,;Vides,, ;s EcoRI might be due
to an aberrant capsule morphology, but the reason for
this phenotypic alteration is not known.

IgM cleavage by Ides,,;s is not crucial for virulence
of S. suis serotype 2 in growing piglets

Former results in our laboratory suggested an attenua-
tion of 10Aideg,,;s in prime-vaccinated growing piglets
[20]. Data on bacterial survival in porcine blood gen-
erated in this study also hinted at a potential attenua-
tion of S. suis mutants without IgM cleavage activity.
An animal infection experiment was consequently con-
ducted to investigate the role of IgM cleavage by Ideg,;s
in the pathogenesis of S. suis serotype 2 infection by
comparing the mutant 10Aideg,,;Vides,;;_C195S to the
wt. Immunological screening of the piglets prior to
infection revealed moderate to high anti-S. suis IgM
(mean of 52.2 ELISA units over all infection groups)
and IgG (mean of 129.6 ELISA units over all infection
groups) titers and very low anti-Ideg,,;; antibody titers
(mean of 1.5 ELISA units over all infection groups) (Fig
$.9). Antibody titers did not differ significantly between
the infection groups. Sixty-seven percent of piglets
infected with either the wt, 10Aideg,;Videg,;s EcoRI
or 10Aideg,,;Videg,,;;_C195S survived the experiment
versus 44.4% of piglets infected with 10Aidegs,;;
(Figure 9(a)). In the wt, 10Aidegs» 10Aidesy,s
Videgg,;. C195S and 10Aideg,,;Videg,,;;  EcoRI infec-
tion groups four, three, five and six out of nine animals
each showed no clinical signs of disease, respectively
(Figure 9(b)). Pathological screenings revealed that five
of nine 10Aideg,,;, three of nine 10Aides,,;Vides,is_
C195S and three of nine wt infected animals had mod-
erate or severe fibrinous-suppurative meningitis
(Table 1). Thus, meningitis was found as often or
even more often in piglets infected with strains not
cleaving IgM. The pathohistological scores for suppura-
tive and fibrinous inflammations of predefined tissues
were as follows (ranging from 0 to 5): wt infected group
w = 178, 10Aideg,; infection group w = 2.78,
10Aideg;,;Videsg,;s EcORI  group o = 1.22,
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Figure 8. Transmission electron microscopy reveals a different capsule morphology for S. suis 10Aidess,;Videss,is_ ECORI. The expression and
thickness of the capsule of S. suis strain 10 (wt), 10Aidesq,;s (Aidesyis), 10Aidess,;Videss,is C195S (Videss,is C195S) and Aidesg,;sVidess,is_EcoRI
(Vides,,is_EcoRl) was investigated by transmission electron microscopy using lysine-ruthenium red staining. The morphology of the capsule of
the complemented S. suis mutant Vides,,;;_EcoRI differs from that of the other strains in that it appears less dense and significantly thinner.
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Figure 9. Mortality (a) and morbidity (b) of growing piglets experimentally infected with the indicated S. suis strains. Eight-week old
piglets were infected with S. suis strain 10 (wt), 10Aidesy,s (Aidesss), 10Aidess,;Videss,s_EcoRl (Vides,,s EcoRI),
10Aides,;s Videss,is_C195S (Vides,s_C195S). Morbidity was defined as an inner body temperature equal to or greater than 40.2°C
and/or typical clinical signs of S. suis disease such as acute lameness or convulsions. Statistical analysis of the Kaplan-Meier diagrams
was performed using the log-rank test. P-values are shown below the diagrams.



Table 1. Histopathological scoring of fibrinosuppurative lesions
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of growing piglets challenged with the indicated S. suis strains.

brain serosae joint spleen, liver lung heart
meningitis, pleuritis, splenitis,
chorioiditis peritonitis synovialitis hepatitis pneumonia  endocarditis
piglets
with
piglets lesions
w/o >3
infection strain®  lesions locations 5 3¢ 19 4P ¢ 4o ¢ 4 ¢ VLIS S L LA S L
wt 4/9 0/9 3/9 0/9 0/9 0/9 0/9 0/9 0/9 0/9 0/9 0/9 0/9 2/9 0/9 0/9 0/9 0/9 0/9 0/9 1.89
AideSsuis 4/9 0/9 59 09 09 0/9 0/9 0/9 0/9 0/9 0/9 0/9 0/9 3/9 0/9 1/9 0/9 0/9 0/9 0/9 2.78
VideSsuis_EcoRlI 6/9 0/9 19 2/9 0/9 0/9 0/9 0/9 0/9 0/9 0/9 0/9 0/9 1/9 0/9 0/9 0/9 0/9 0/9 0/9 1.22
VideSsuis_C195S 5/9 0/9 39 09 09 09 09 1/9 0/9 0/9 0/9 0/9 0/9 2/9 0/9 0/9 0/9 0/9 0/9 0/9 1.78

2Infection strains were S. suis strain 10 (wt), 10Aidessy;s (Aidessyis), 10AidessisVidessys_ECoRl (Videsss EcoRl), 10Videssy;s Videsss_C195S (Videssys_C195S).
PScores of 4 or 5 were assigned to moderate to severe diffuse or multifocal fibrinosuppurative inflammations

“Scores of 3 or 2 were assigned to mild focal fibrinosuppurative inflammations

9A score of 1 was assigned to individual single perivascular neutrophils
€
W = ¥SCOremax/Nanimals

10Aideg,,; Videg,,is C195S w = 1.89 (Table 1). The
respective infection strains were re-isolated from both
the brain and the cerebrospinal fluid (CSF) of all piglets
with signs of central nervous system disorder (Table 2).
Additionally, the infection strains could be reisolated
from various inner organs, namely spleen, liver, lung,
endocard and peritoneum (Table 2). EcoRI restriction
enzyme digest of ideg,;-PCR products of reisolates
from the wt, the 10Aideg,,;Vides,;. C195S and the
10Aideg,;Videsg,is_EcoRI infection groups demon-
strated that the complemented strain had kept both
the ideg,,;s gene and the EcoRI cleavage site within
since it was clearly distinguishable from the wt and
10Aideg;,,;sVidess,is_C195S by a 799 bp EcoRI cleavage
product. Sequencing of the ideg;,;; gene of all reisolates
of the 10Aideg,,;Videgs,;;_C195S infection group con-
firmed that the C195S mutation was still present. In
conclusion, IgM cleavage of S. suis serotype 2 is not
crucial for causing meningitis in growing piglets.

Investigation of putative IgM cleavage in vivo

The CSF of one piglet with meningitis per infection
group was investigated for detection of IgM cleavage

products by anti-IgM Western Blot analysis. The chosen
piglets all had a high intracerebrospinal S. suis burden
(3-5 x 107 CFU/ml) but varying intracerebrospinal anti-
S. suis IgM titers (< 0.1-7.7 ELISA units/ml). IgM clea-
vage products were not detected in the CSF of these
experimentally infected piglets with acute meningitis
(Figure 10, left). Addition of rldegy,;s to the CSF of the
same piglets, however, gave rise to IgM cleavage products
(Figure 10, right). S. suis in the CSF of the same animals
was analyzed via flow cytometry for detection of IgM on
the bacterial surface using anti IgM F(ab’)2 and anti IgM
Fc specific antibodies. S. suis in the CSF of experimentally
infected piglets was labeled with porcine IgM regardless
of the infection strain (Figure 11). However, differences
between the individual animals existed regarding the
percentage of IgM F(ab’)2 and IgM Fc positive bacteria.
In summary, bacteria labeled with uncleaved IgM, as well
as bacteria without IgM on the bacterial surface could be
detected for all strains. However, IgM labeling seemed to
depend on the intracerebrospinal IgM concentration
rather than the S. suis strain’s ability to cleave IgM.
Animals with intracerebrospinal IgM concentrations
greater than 5.6 ELISA units/ml had a higher percentage
of IgM F(ab’)2 positive and IgM Fc positive cells than

Table 2. Reisolation of the infection strains from piglets infected with the indicated S.suis strains.

no. of piglets with indicated site of infection strain® isolation/total number of

piglets
no. of piglets with an isolate of the infection strain in > 1 brain, joint
infection strain® inner organ® tonsils lung® serosa spleen liver — CSF® fluid”  endocard blood
wt 3/9 3/9 0/9 0/9 3/9  2/9 3/9 0/9 0/9 0/9
AideSsuis 5/9 3/9  1/9 0/9 5/9  4/9 5/9 0/9 2/9 1/9
VideSsuis_EcoRlI 3/9 4/9 1/9 1/9 179  2/9 3/9 0/9 0/9 1/9
VideSsuis_C195S 3/9 3/9 1/9 0/9 3/9  3/9 3/9 0/9 1/9 0/9

?Infection strains were S. suis strain 10 (wt), 10Aidess,;s (Aidessyi), 10Aidessy;Videss,s_ECORl (Vides,is ECoRI), 10Vides,,;s Videss_C195S (Videsy,;s_C195S).

Plsolates exclusively from the tonsils were not considered
“The left cranial lobe was investigated

9Pleural, peritoneal or pericardial cavity

€Cerebrospinal fluid

fAspirates of both left and right carpal and tarsal joints were investigated in each animal
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Figure 10.IgM Western blot analysis of cerebrospinal fluid
(CSF) of experimentally infected piglets with acute meningitis
and high intracerebrospinal S. suis burden reveals only intact
IgM. Piglets were intranasally infected with the indicated strains
and the CSF of one pig with meningitis of each infection group
was analyzed for the presence of IgM cleavage products by
anti-lgM Western Blot analysis under non-reducing conditions
with a monoclonal anti-IgM antibody. Protein concentrations in
the CSF were adjusted before loading the 6% polyacrylamide
gel. As a control (lanes 7-10), CSF of the same piglets was
incubated with 5 pg/ml rldes,;s. Asterisks indicate IgM cleavage
products for the last positive lane. Marker bands (in kDa) are
shown on the left-hand side.

those with lower IgM titers. In conclusion, flow cyto-
metric analysis indicated that IgM might still be bound to
the bacterial surface of S. suis wt in the CSF of piglets
with acute meningitis, at least in the case of intracereb-
rospinal IgM concentrations above five ELISA units.

Discussion

Previous research indicated, that the IgM protease Ideg;,,;s
of S. suis is involved in complement evasion [10].
However, as conclusions were based on the comparison
of the wt to the mutant 10Aideg,,;s only, it remained to be
shown that the identified phenotypes depend on the lack
of the IgM cleavage activity. Noteworthy, Ideg,,; is a very
large protein compared to other immunoglobulin pro-
teases and the C-terminal 674 amino acids of the protein
are not necessary for cleavage of IgM [11]. This suggests
that Ideg;,;s might carry out an additional function, which
might also be related to complement evasion. Thus, we
designed experiments to specifically investigate the role of
IgM cleavage, which is a unique phenotype of this bacter-
ial pathogen. To this end, a single point mutation
(cysteine to serine) was introduced in the putative active
center of the IgM cleaving domain of rldes,,;; and the

isogenic mutant 10Aideg;,,;s was chromosomally comple-
mented to express wt Ideg,,;; (10Aidesg,;sVidess,sEcoRI),
as well as point mutated Idegy;; (10Aideggy;s
Videgguis C195S). As strain 10Aidegg,;Videg, ;. C195S
expresses stable, point mutated Ideg,,; lacking the IgM
cleavage activity, this strain is a state-of-art tool to reveal
phenotypes determined by this specific protease activity.
Comparative investigations with this strain demonstrated
that Ideg,,;;-mediated modulation of IgM labeling is due
to the IgM cleaving activity alone. Loss of function experi-
ments and comparative phenotypic analysis adding
rldeg,,,;s and rldeg,;, C195S indicated further that
Ideg,,;;-mediated modulation of C3 deposition is also
mainly due to the IgM cleavage activity. However, as
addition of rldeg,,;;_C195S also reduced C3 deposition
on the bacterial surface significantly, it is not unlikely that
the large C-terminus carries out a further function related
to complement evasion.

Homology to known cysteine proteases and an inhi-
bitor profile [11] suggested that Ideg,; is a cysteine
protease. The inability of cysteine to serine point
mutated rldeg,,;; to cleave porcine IgM, as shown in
this study, confirms Ideg,; as a cysteine protease.
Thus, Ideg,,;s is a true member of the IdeS-family of
cysteine proteases annotated under the name of C66 in
the MEROPS peptidase database (https://www.ebi.ac.
uk/merops/cgi-bin/famsum?family=C66).

Since IgM is the most important activator of the
classical complement cascade, we investigated the
impact of IgM cleavage on the complement system.
Mechanisms of complement evasion are multiple in
pathogenic bacteria, viruses and yeast. Streptococcus
pyogenes for example has been shown to use the C5a
and C3 peptidase ScpA [21], M protein mediated C4BP
binding [22] and the C5b-C9 inhibitory protein SIC
[23] to circumvent complement. Gram negative
Borrelia burgdorferi inhibits complement via multiple
FH binding proteins [24] and enterohemorrhagic
Escherichia coli can cleave C1-INH and thus enhance
its complement inhibitory function [25]. For S. suis
complement evasion has not been intensively studied
and so far only the sialic acid containing capsule of
certain serotypes and factor H binding molecules have
been described as complement evasion factors [26,27].
However, complement plays an important role in
immunity to S. suis disease. By using the complement
inhibitor VCP we show here that survival of S. suis in
porcine blood is very much restricted by active com-
plement. Accordingly, C3 knockout mice are known to
be highly susceptible to disseminated S. suis infec-
tion [27].

Hemolysis caused by a porcine anti-erythrocyte
immune serum with high IgM titers is inhibited by
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Figure 11. S. suis in the CSF of experimentally infected piglets is labeled with porcine IgM. Eight-week old piglets were intranasally
infected with S. suis strain 10 (wt), 10Aidesy;s (Aidesss), 10Aidess;Videsss EcoRl (Videsy EcoRl) and 10Aidess,;Videss,;_C195S
(Videss,is_C1959), respectively. The CSF of one pig with meningitis of each infection group was centrifuged and the intracerebrospinal
S. suis population stained with anti-lgM F(ab’)2 and anti-IgM Fc specific primary antibodies and phycoerythrin (PE) and fluorescein (FITC)
labeled secondary antibodies. Bacteria were analyzed for the presence of IgM on their surface via flow cytometry. S. suis stained without
the first antibodies served as negative control (w/o 1. Ab). The upper panel shows the gating strategy used to define the S. suis population.
The lower panels shows the S. suis population in the CSF of infected piglets as overlay histograms of the F(ab’)2 signals (left hand side) and
the Fc signals (right hand side). The table beneath the figure shows the geometric mean fluorescence intensity (MFI), the percentage of
IgM F(ab’)2 and IgM Fc positive bacteria and the IgM titers of the four representative piglets.

addition of rldeg,;,, suggesting that Ideg,; is involved
in a novel complement evasion mechanism [11]. In this
study, we show that this inhibition depends entirely on
the presence of a cysteine at position 195 in the putative
active center of Ideg,,;. Since C195S point mutated
rldeg,,;s did not influence complement-mediated hemo-
lysis, the IgM cleaving activity of Ideg,;; alone must be
responsible for reduction of complement mediated

hemolysis. In accordance, IgM labeling of sheep ery-
throcytes was only significantly reduced by functional
rldeg,;s but not by rldeg,,;; C195S.

IgM labeling of S. suis can be a prerequisite for
subsequent surface-associated complement activation.
We therefore analyzed IgM labeling of S. suis wt and
mutants deficient in IgM cleavage and could show that
labeling of S. suis with IgM is significantly reduced by
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Ideg,;s activity and that this reduction depends on the
presence of a cysteine in the active center of Idegg,;.
Interestingly, not only the Fc fragments of porcine IgM
detach from the bacterial surface upon Ideg,;-
mediated IgM cleavage, but the F(ab’)2 fragments dis-
engage also. This phenomenon contrasts with labeling
of bacteria with IgG antibodies upon cleavage by IdeS.
Bjork et al. showed that IgG Fab fragments remain
attached to the bacterial surface upon IgG cleavage [28].
We propose that the detachment of IgM F(ab’)2 frag-
ments is due to the lower affinity of IgM binding [29].
Disruption of the pentameric IgM structure could lead
to weaker binding of IgM F(ab’)2 fragments to the
bacterial surface and lead to subsequent detachment.
If the release of IgM F(ab’)2 and Fc fragments modu-
lates host responses remains to be determined. For IgG
Fc fragments a priming effect on neutrophils has been
reported [30]. Since neutrophils do not possess Fcu or
Fca/p receptors it remains questionable if they are pre-
activated by IgM Fc cleavage products also.

Previous experiments with the specific classical com-
plement pathway inhibitor EGTA MgCl, and unencap-
sulated S. suis showed that C3 deposition on S. suis
depends on the classical complement pathway [10]. The
importance of the classical complement pathway in
immunity to streptococcal infection was demonstrated
by Brown et al. who identified it as the dominant path-
way required for innate immunity to Streptococcus
pneumoniae in mice [31]. We could show in this
study, that the reduction of surface bound C3 through
Ideg,,;s expression of S. suis wt depends mainly on its
IgM cleavage activity. The increased C3 deposition of
the complemented mutant 10Aidegy;Videss,;;EcoRI is,
to our minds, related to a defective capsule architecture
of the mutant which was detected by transmission
electron microscopy. Noteworthy, C3 deposition is
also significantly enhanced on the surface of an iso-
genic unencapsulated mutant of S. suis serotype 2 strain
10 [27]. We are still confident to conclude that the
reduced C3 deposition on the surface of the wt is
influenced by IgM cleavage since strains 10Aideggy;
and 10Aideg,,;Videss,;;_C195S showed a significant
increase in C3 labeling in comparison to the wt and
10Aideg;,,;s showed significantly less C3 deposition after
addition of rldeg,,;; than after addition of
rldeg,, ;s C195S. It was recently pointed out by Kerr
et al. that C3 is not only important during systemic
disease but also at the site of infection during the initial
steps of infection with pneumococci [32]. Additionally,
it was shown that resistance to C3b opsonization is
important for persistence of pneumococci in the host
nasopharynx [31-33] and that complement hinders
pneumococci from invasiveness by containing them to

mucous membranes [34]. Since S. suis asymptomati-
cally colonizes the nasopharynx of pigs, reduced C3b
deposition mediated by preceding IgM cleavage could
also be important for colonization of the porcine naso-
pharynx by S. suis and eventual spreading. Reduced
opsonization with complement nonetheless remains
very important for survival in blood which is a prere-
quisite for S. suis to reach sites of infection, especially
the cerebrospinal fluid and the meninges. Multiple
virulence mechanisms must play in concert to enable
S. suis to circumvent killing during bacteremia. Both
mutants deficient in IgM proteolysis, 10Aides;,;; and
10Aideg,,; Vides,,is C195S, are attenuated in whole
blood survival assays. Importantly, attenuation of
10Aideg;,;s in porcine blood is abolished by addition
of rldeg,,;. but not rldeg,,;; C195S. We thus conclude
that survival of S. suis in porcine blood with specific
IgM titers is influenced by the ability to cleave IgM and
that survival is very much restricted by IgM. In this
study, we could also demonstrate that the two S. suis
mutants 10Aidegg,,;; and 10Aidegs,;;
Vides,,is_C195S survive less well in opsonophagocytosis
assays with purified neutrophils than the wt. This dis-
tinguishes Ideg;,;; from IdeS of S. pyogenes because the
IgG cleaving activity of IdeS does not impact killing by
neutrophils as shown by Okumura et al [35].

Animal experiments conducted by Xiao et al. [36]
and our group [10] already indicated that Ideg,;s is not
an essential virulence factor, despite ex vivo data sug-
gesting a role of IgM cleavage by Ideg,,;s in pathogeni-
city. Animal experimental infection as conducted in
this study confirmed that Ideg,,; activity is not crucial
for induction of severe pathologies, in particular
meningitis, and associated mortality in growing piglets.
Analogously, IgM-labeled S. suis bacteria were detected
in the CSF of piglets from all infection groups.
Differences in IgM labeling between the individual
animals could possibly be due to varying stages of
disease progression and inflammation and thus differ-
ent amounts of IgM in the CSF at the time of CSF
acquisition. Different peak patterns of the fluorescence
intensity for IgM-labeled S. suis wt and 10Aideg,,;s
Vides,,;s_EcoRI in the CSF of experimentally infected
piglets could not be explained by differing IgM titers or
bacterial load within the CSF. Disparate peak patterns
might be due to as jet unknown host factors or a
divergent behavior of the complemented ideg,;; mutant
in the CSF under in vivo conditions, particularly con-
sidering its aberrant capsule morphology. However,
none of our conclusions on the impact of IgM cleavage
are depended on finding an explanation for the two
peaks of the complemented S. suis mutant since it
expresses stable Ideg,,;; and is able to cleave IgM. We



conclude that Ideg,;s activity does not suffice to reduce
labeling of S. suis with IgM in the CSF, especially in a
highly inflammatory setting such as acute meningitis.
This would also explain why we could not detect sig-
nificant differences in the number of animals with
meningitis among infection groups. However, to our
knowledge, this is the first detection of IgM-labeled
streptococci in the CSF of experimentally infected ani-
mals. Ideg,,;s activity might not be enough to reduce
labeling of S. suis with IgM completely in an inflam-
matory setting but IgM cleavage could have an impor-
tant role for S. suis’ ability to survive in the
nasopharynx since IgM concentrations are lower in
nasal secretion and saliva than in serum [37] or
inflamed tissue. Our findings that Ideg;,;-mediated
IgM cleavage does not influence virulence significantly,
resemble results published for IdeS of S. pyogenes which
was also shown unessential for virulence of a highly
invasive Group A streptococcus strain [35]. Okumura
et al. proposed that the reason for this is the highly
virulent strain background and that immunoglobulin
cleavage might be important for less virulent strains
[35]. The same might be true for Ideg,,; since all
investigations were carried out with a highly virulent
serotype 2 strain and derived mutants.

Former studies on Ideg,,;; related virulence were not
specifically designed to reveal the role of IgM proteo-
lysis in pathogenesis and a complemented mutant was
not included. The experimental design of this study,
including a mutant differing from the wt in one amino
acid only, allowed to investigate the role of Ideg,;-
mediated IgM cleavage in virulence more thoroughly.
Accordingly, we can exclude that the phenotypic com-
parison is influenced by functions of the large
C-terminus of Ideg,;, which are not yet known.

Despite the finding that Ideg,;s is not an essential
virulence factor, the fact that this protease is conserved
among S. suis serotypes [11] points to an evolutionary
important function. Ideg,,;; might not be essential for
induction of disease in growing piglets but it might play
a role in colonization of mucous membranes. It has
recently been shown that human secretory IgM, actively
secreted to mucous membranes, can activate comple-
ment and offer protection at mucosal surfaces [38].
Therefore, cleavage of IgM by Ides,;s might be crucial
for S. suis to circumvent activation of complement on
mucous membranes and thus facilitate colonization.
Furthermore, since monomeric IgM is the only virgin
B-cell receptor in swine, pigs lacking IgD [39], IgM
cleavage might inhibit B-cell activation and thus have
far reaching consequences for cell mediated immunity.
It has been shown that FcuR, expressed on
B-lymphocytes, is an uptake receptor for IgM labeled
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pathogens [40]. It is therefore reasonable to assume that
cleavage of IgM bound to the bacterial surface might
hinder wuptake of IgM labeled bacteria by
B-lymphocytes and thus encumber their antigen pre-
senting ability. Further B-lymphocyte functions such as
antibody production and memory cell formation could
also potentially be inhibited or at least modulated by
Ides,,;s-mediated IgM cleavage. Complement inhibition
through IgM cleavage could for example reduce C3d
mediated B-cell co-stimulation via CD21. Further stu-
dies are needed to investigate this question, in particu-
lar the importance of Ideg,,;, in colonization as well as
in disease progression and immune modulation.

In summary, in this study, the IgM cleaving activity
of Ideg,;s of S. suis was investigated regarding comple-
ment modulation, survival in porcine blood and viru-
lence. Whereas the IgM cleaving activity of Idegy,;s was
shown to be important for reduction of complement-
mediated hemolysis, labeling of sheep erythrocytes with
IgM and opsonization of S. suis with IgM and comple-
ment, an impact of IgM cleavage in induction of dis-
ease, especially meningitis, could not be demonstrated.

We conclude, that Idegg,;; of S. suis is a cysteine
protease and its IgM cleaving activity is important for
bacterial survival in porcine blood and evasion of the
classical complement pathway, but not for virulence in
growing piglets. Including numerous in vitro assays as
well as an in vivo model of infection, this study pro-
vides extensive insight into the role of IgM cleavage in
S. suis pathogenesis.

Materials and methods
Bacterial strains and growth conditions

S. suis strain 10 is a virulent serotype 2 strain that has
been used by different groups in studies on pathogen-
esis [11,41,42]. All other strains used in this study were
derived from strain 10 by targeted mutagenesis. The
isogenic mutant 10Aideg,;s (Aidess,;) carries an in-
frame deletion of the complete ideg,,;s gene except the
signal  sequence [11]. The other mutants,
10Aideg,,; Vides,,,;s EcoRI (Videgs,is_ EcoRI) and
10Aideg,,; Vides,,is C195S (Videg,,;;_C195S) were con-
structed in this study. S. suis was grown in Todd-Hewitt
broth (THB) (Becton Dickinson, catalogue #249,240)
and on Columbia agar plates with 6% sheep blood
(Oxoid, catalogue #PB5039A) at 37°C. Escherichia coli
was grown in Luria-Bertani (LB) medium (Carl Roth,
catalogue #X968.2) at 37°C under constant shaking.
The following antibiotics were added to the medium
if needed: 100 pg/ml ampicillin for E. coli carrying a
pET45b-derived plasmid, 8 pg/ml and 3.5 p/ml
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chloramphenicol for E. coli and S. suis carrying a
pSET5s-derived plasmid, respectively.

DNA techniques, primers and sequencing

Standard DNA manipulations were performed as
described [43]. Chromosomal DNA of S. suis strain
10 served as template for PCR. Primers were designed
based on the ideg,,;s sequence of S. suis P1/7 (Gene ID:
8153996) which is identical to the ideg,,;; sequence of
strain 10 [11]. Primer sequences are listed in Table SI.
PCR was conducted using Phusion polymerase (New
England Biolabs, catalogue #M0530L) and sequencing
was performed by Seglab (Géttingen, Germany).

Targeted mutagenesis of pETidesg,;s

The plasmid pETideg;,;s [11] was point mutated using
QuikChange Lightning Multi Site Directed Mutagenesis
Kit (Agilent Technologies, catalogue #210513). Plasmid
DNA served as template for the mutagenesis primer
PrimerC184S. This primer created a single base
exchange in ideg,,;s at the position 195 resulting in the
replacement of a cysteine by a serine in the final pro-
tein. Following thermal cycling, a Dpnl digest was
conducted and the product electro transformed into
competent E. coli BL21. A similar procedure was car-
ried out to generate rldes,;;_homologue_C195S using
QuikChange Lightning Site Directed Mutagenesis Kit
(Agilent Technologies, catalogue #210518). More pre-
cisely, pETideg;,;;_homologue, a plasmid encoding the
His-tagged N-terminal domain of Ideg,; (aa 36 to
432), sufficient for IgM proteolysis [11], was used as
template DNA for PCR with the primers
IdeSsuis_C195S_for and IdeSsuis_C195S_rev. The
final constructs pETideg,;; C195S and pETidegg,;s
homologue_C195S were sequenced to verify the origi-
nal sequences and the codon encoding the C195S point
mutation.

Expression and purification of recombinant his-
tagged proteins

E. coli bacteria harboring the respective plasmids
were incubated in LB-broth with ampicillin until an
ODggo of 0.5. Once the OD was reached, isopropyl-
B-D-thiogalactopyranoside (IPTG) (VWR, catalogue
#ACl121) at a final concentration of 1mM was
added and the cultures were then incubated at
room temperature (RT) for 2.5h under constant
shaking. Following centrifugation, E. coli were sub-
jected to a lysozyme digest (1 mg/ml lysozyme 4°C
30 min) followed by ultrasound treatment (Brandson

sonifier, 5mm tip, 35% amplitude, 1min 45sec total
with 10 sec pulse on, 20sec pulse off). Recombinant
proteins were then purified under native conditions
via Ni-TED columns as recommended by the manu-
facturer (Macherey-Nagel, Protino Ni-TED, catalogue
#745120.25) and dialyzed against phosphate buffered
saline using dialysis membranes with a molecular
weight cut off of 6000-8000Da (Carl Roth,
ZelluTrans,catalogue #E660.1) and frozen in liquid
nitrogen. Recombinant muramidase-released protein
(rMrp) was purified as previously described [44].
His-tagged proteins were subjected to SDS-polyacry-
lamide gel electrophoresis and stained by Coomassie
(expedeon, InstantBlue, catalogue #SKU: ISB1L).

SDS-PAGE and Western blot analysis

SDS-PAGE was performed with 10 or 8% separating
gels under reducing conditions or 6% separating gels
under non-reducing conditions. Stacking gels were uni-
formly 4%. Following gel electrophoresis proteins were
blotted onto nitrocellulose membranes (Carl Roth, cat-
alogue #HP40.1) and blocked with 5% skim milk pow-
der in Tris-buffered saline with 0.05% Tween 20
(TBST). Incubation with primary and secondary anti-
bodies was performed in TBST with 1% skim milk
powder. Antibody dilutions are specified in Table S2.
Protein detection was performed using chemilumines-
cent substrates SuperSignal West Pico (Thermo Fisher,
catalogue #34,079) or Quantum (Biozym, catalogue
#541013).

Analysis of IgM cleavage activity of recombinant
IdeSsuis

Determination of IgM cleavage was performed as
described previously [11]. Briefly 5 ug/ml recombinant
protein was added to a 1:100 dilution of porcine serum.
The whole was incubated at 37°C for 2.5h on a rotator,
followed by anti IgM Western blot analysis under redu-
cing conditions.

Complement hemolysis assay

Recombinant  proteins  (rIdesy;,  rIdegs, C195S,
rldeg,;;_homologue, rldeg,,;; homologue C195S, rlde
ssuis_C-domain, rMrp) were incubated in a concentration
of 18 ug/ml with a 1:100 dilution of porcine anti-sheep
erythrocyte (aEry) serum drawn either 7 or 14 days post
immunization with sheep erythrocytes [10] for 1.5h at 37°C
on a rotator in a total volume of 0.25ml as described pre-
viously [10]. For investigating complement inhibition in
hemolysis assays, rldes,;s and rldeg,,;; C195S were added



to the sera prior to the hemolysis assay to reach final
concentrations of 5, 20, 100, 200 pg/ml. Sheep erythrocytes
were purified as described [10] and adjusted to a 2% sus-
pension with sodium chloride. Erythrocytes and pre-incu-
bated sera were then mixed at a ratio of 1:1 (100 pl each) ina
96-well plate (V-bottom) and incubated for 30 min at 37°C
on an orbital shaker. Plates were then centrifuged (5 min
1000g RT) and the OD 495 of the supernatant was measured.

Detection of IgM and IgG on the surface of ovine
erythrocytes

The detection of antibodies on ovine erythrocytes was
conducted as described previously [10]. Briefly, aEry
serum (both 7d and 14d post immunization) was incu-
bated at 56°C for 30min to inactivate complement.
Recombinant proteins were then added (18ug/ml) and
the whole incubated for 1.5h at 37°C on a rotator.
Subsequently, a 2% sheep erythrocyte suspension was
added at a ratio of 1:1 (50 ul each) and the mixture
incubated at 4°C for 45min on a rotator. Erythrocytes
were then centrifuged, blocked with 5% goat serum for
1h at 4°C and subsequently washed with phosphate
buffered saline with a pH of 7.4 (PBS). A mouse anti-
pig IgM antibody (Serotec catalogue #MCA637) at a
dilution of 1:225 or a goat anti-pig IgG antibody
(Serotec, catalogue #AHP865P) at a dilution of
1:10,000 was then added and the samples incubated
for 1h at 4°C. Cells were washed twice and incubated
for 1h at 4°C in the dark with the following secondary
antibodies: phycoerythrin (PE)-labeled goat anti-mouse
IgG (BioLegend, catalogue #405307) at a dilution of
1:500 for detection of porcine IgM and Alexa Fluor
488-labeled chicken anti-goat IgG (Life Technologies,
catalogue #A-21467) at a dilution of 1:800 for detection
of porcine IgG. Samples were then washed twice and
fixated with 0.375% formaldehyde and measured by
flow cytometry (BD FACSCalibur).

Complementation and targeted mutagenesis of S.
suis 10Aides,;s

S. suis 10Aidegy,;; was chromosomally complemented using
the thermosensitive suicide vector pSET5s [45] to render
the two mutants S. suis 10Aideg,,;Videg,,;. C195S and
10Aidegy,; Vides,;s EcoRI. The former mutant contains a
point mutation in the idesy,;s gene leading to a serine
instead of a cysteine at the position 195 of the final protein.
The later mutant contains a silent mutation at the position
1793 of idegy,;s resulting in a new EcoRI cleavage site
enabling distinction of the complemented strain from the
wt. Chromosomal DNA of S. suis strain 10 served as tem-
plate in a PCR with the primers preProldeSsuisPstl,
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postEndIdeSsuisBamHI to introduce the cleavage sites
for the restriction enzymes BamHI and Pstl. The PCR
product, as well as the pSET5s vector were then digested
with the two indicated enzymes and afterwards ligated
to render pSET5sideg,,;s. To introduce the C195S encoding
mutation in idegy,,;, pSET5sides;,;s plasmid DNA was used
in a PCR with the mutagenesis primers Ide
Ssuis_C195S_for, IdeSsuis_C195S_rev  resulting in
pSET5sides;,;;_C195S. To introduce the EcoRI cleavage
site, primers EcoRI1793ideSsf, EcoRI1793ideSsr were used
to create pSET5sideg,,;; EcoRI. PCR products were Dpnl
digested and transformed into competent E. coli CC118.
Sequencing of the whole ides,;; reading frame confirmed
the presence of both point mutations at the correct sites.
The plasmids pSET5sidegs,;; C195S and pSET5side
ssuis_ECORI were then transformed into competent S. suis
10Aideg,,;s (25pF, 2.5kV 2000}, Genpulser, Biorad).
Temperature shifts, performed as described previously [46],
ensured allelic exchange and later excision of the vector
from S. suis.

Genotypic analysis of S. suis mutants

To verify the correct chromosomal complementation,
mutants were sequenced, tested in restriction enzyme digest
with EcoRI and analyzed by non-radioactive Southern blot.
For Southern blotting, chromosomal DNA was digested
with Hincll, blotted onto a positively charged nylon mem-
brane (Biorad, catalogue #162-0165) and subsequently
hybridized with two different biotinylated probes.
Between hybridizations with the different probes, the mem-
brane was stripped with 0.2 N NaOH, 1% sodium dodecyl
sulfate (SDS). The first probe, 450 bp in size, binding a
685bp fragment within ideg,,;; was constructed using the
primers Sonde450bpfor and Sonde450bprev. The second
probe, 412bp in size, binding within the pSET5s backbone
was generated with the primer pair pSET5sSondefor and
pSET5sSonderev. After hybridization, the membrane was
incubated with peroxidase-labeled streptavidin (Biolegend,
catalogue #405210) and signals detected by chemilumines-
cence (blots see Fig. S5). PCR analysis with the primers
pSET5spreMCSfor and postMCSpSET5s was conducted to
verify complete excision of the pSET5s plasmid from the S.
suis chromosome.

Phenotypic analysis of S. suis mutants for Ides;,;s
expression and IgM cleavage

Expression of Ideg,,;s was confirmed in bacterial super-
natants by anti-Ideg,;; Western blot analysis as
described [11]. Furthermore, the mutants’ ability to
cleave porcine IgM was tested by incubation of con-
centrated culture supernatants with porcine serum,
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followed by anti-IgM Western blotting. Concentration
of supernatants was performed as described [11].
Briefly, 50 ml cultures of S. suis strain 10, 10Aides,;s
10Aidess,;s  Videsg,;s EcoRI,  Aidegs,;Videg,s C195S
were grown to an ODgpo of 0.8, centrifuged and the
supernatants concentrated 24-fold using 30 kDa cut off
centrifugal filters (Merck Milipore, catalogue
#UFC903024). One hundred microliter of the 24-fold
concentrated supernatants was incubated with a 1:100
dilution of porcine serum, followed by anti-IgM
Western blotting.

Transmission electron microscopy

The expression and thickness of the capsule of S. suis
strain 10, 10Aideg,,;;, 10Aideg,,;Videg,;.  C195S and
10Aidegs,,;sVidess, ;s EcoRI was investigated by trans-
mission electron microscopy using lysine-ruthenium
red (LRR) staining as described previously [47]. The
capsule thickness of S. suis strain 10 and
10Aides,,; Vides,;s EcCORI was measured 25 times.
Measurements were only conducted of bacteria which
capsule had been cut in a 90° angle.

Generation of porcine IgM (Fab’)2 and IgM Fc
specific antibodies

To generate an antibody specifically against porcine IgM
F(ab’)2 fragments, porcine IgM was purified from
serum, digested with rldeg,,;; and F(ab’)2 fragments,
purified as described below, were used as antigen for
immunization of a rabbit. IgM-Fc specific antibodies
were purified from a commercial polyclonal anti-pig
IgM antibody (biomol, catalogue #A100-117A). All
chromatographic purification procedures were per-
formed with the ACTA prime plus chromatography
system (GE Healthcare, Little Chalfont, United
Kingdom). In detail, the gamma globulin fraction of
porcine serum was twice precipitated with 40% ammo-
nium sulfate, followed by dialysis against phosphate buf-
fered saline with 300 kDa cut off membranes (Spectra/
Por Float A-Lyzer G2, Spectrum Labs, catalogue
#G235072) for five days. The dialysate was then affinity
chromatographed over protein G columns (HiTrap pro-
tein G column, GE Healthcare via VWR, catalogue
#29-0485-81) to exclude porcine IgG. The flow through
from protein G columns was purified by thiophilic
adsorption chromatography (HiTrap IgM purification
columns, GE Healthcare via VWR, catalogue
#17-5110-01). The eluate from thiophilic adsorption
chromatography was purified further via size exclusion
chromatography (HiLoad 16/600 Superdex 200pg, GE
Healthcare via VWR, catalogue #28-9893-35). The

eluates corresponding in size to pentameric IgM were
pooled and concentrated via 10 kDa cut off centrifugal
filters (Sartorius, catalogue #VS2001) to render a total
volume of 2 ml. Purified IgM was next subjected to a
digest with rIdeg,,;; (20 pg rldes,,;/mg IgM) for 2.5h at
37°C. F(ab’)2 fragments were purified from the digest via
size exclusion chromatography. The eluates correspond-
ing to 130kDa F(ab’)2 fragments were pooled and sub-
sequently purified via affinity chromatography with a
Ni-sepharose column (HisTrap HP, GE Healthcare via
VWR, catalogue #29-0510-21) to exclude remaining
rldeg;,;s that had been used to digest IgM. The flow
through of this chromatography was then used as anti-
gen for immunization of a rabbit (BioGenes GmbH).
The rabbit was immunized three times with
250-500 pg antigen being used for priming and 100 pg
antigen for the two booster immunizations. Final bleed-
ing serum was precipitated with 40% ammonium sulfate,
the precipitate was then purified by affinity chromato-
graphy with Sepharose columns covalently coupled with
porcine IgG to exclude those antibodies cross reacting
with the light chain of porcine IgG. The flow through
was purified further by affinity chromatography with
Sepharose columns covalently coupled with porcine
IgM-F(ab’)2 fragments generated also by rldeg,,; digest.
The eluate from this chromatography was analyzed for
its specificity for porcine IgM-F(ab’)2 portion in
Western blot analysis as described above (Fig. S6).
Western blot analysis confirmed that the antibody does
not cross-react with Ideg,;; and rMrp (results not
shown). For purification of anti-IgM Fc specific antibo-
dies, a commercial polyclonal goat anti-pig IgM anti-
body was purified by affinity chromatography with
Sepharose columns coupled with IgM-F(ab’)2. The flow
through from this procedure was then applied to
Sepharose columns coupled with intact pentameric por-
cine IgM. The eluate from this chromatography was also
verified in Western blot analysis to recognize only IgM
Fc fragments (Fig. S6).

Generation of a porcine hyperimmune serum
against S. suis serotype 2 and depletion of IgG from
this serum

A pig was prime-booster-booster vaccinated with a S.
suis bacterin based on strain 10, essentially as described
previously for a bacterin vaccination trial [48] except
that two booster immunizations were conducted. The
generation of hyperimmune sera in piglets is approved
by the Landesdirektion Sachsen (permit no. N01/16).
This porcine hyperimmune serum was depleted from
all IgG using affinity chromatography. The hyperim-
mune serum was purified via a Protein G sepharose



column (GE Healthcare via VWR, catalogue #17--
0405-01) using the chromatography system ACTA
prime plus (GE Healthcare, Little Chalfont, United
Kingdom). To assure that no IgG was remaining in
the flow through, it was send over the Protein G col-
umn again. The IgG free flow through was concen-
trated using 10 kDa centrifugal filters (Sartorius,
catalogue #VS2001).

Detection of igM on the surface of S. suis

For detection of IgM on the bacterial surface S. suis
strain 10, 10Aides,,;;, 10Aides,,;; Videg,; EcoRI and
Aideg,;Videg, s C195S were grown to an ODgg of
0.8, followed by incubation at 4°C with the anti-S. suis
hyperimmune serum against S. suis serotype 2 for 0.5 h.
Hereafter, bacteria were incubated in THB at 37°C for
4h. In the first staining protocol, bacteria were labeled
with a mouse anti-pig IgM primary antibody (Serotec,
catalogue #MCA 637) and a PE-labeled goat anti-mouse
IgG secondary antibody (BioLegend, catalogue #405307)
as described by Seele et al. [11]. Presence of IgM was
then detected on the surface of S. suis using flow cyto-
metry (BD, Fortessa) and immunofluorescent micro-
scopy. The percent reduction of IgM labeling was
calculated as follows: The amount of IgM labeled bac-
teria after opsonization with serum and before incuba-
tion at 37°C was set at 100%. The reduction in IgM
labeling was then calculated by subtracting the % of
IgM positive bacteria after incubation at 37°C from the
initial 100%. Staining was also performed with antibo-
dies directed specifically against the F(ab’)2- and Fc-
regions of porcine IgM. Prior to this staining, opsonized
bacteria were blocked with 1:100 diluted donkey serum
(Dianova, catalogue # 017-000-121) at 4°C for 0.5h.
Staining with primary and secondary antibodies was
performed for 0.5 h at 4°C each. Rabbit anti-pig IgM-F
(ab’)2 and goat anti-pig IgM-Fc primary antibodies were
both used at a dilution of 1:100. As secondary antibo-
dies, 1:250 dilutedPE-labeled F(ab’)2 donkey anti-goat
IgG (Thermo Fisher Scientific, catalogue #31860) and
1:200 diluted fluorescein isothiocyanate (FITC)- labeled
donkey anti-rabbit IgG (Dianova, catalogue #DAB-
87179) antibodies were used. Detection of IgM labeled
S. suis was again performed by flow cytometry (BD
FACSCalibur). The % reduction in the IgM F(ab’)2
and IgM Fc signal was calculated as described above.
To detect IgM on the surface of S. suis in the CSF of
experimentally infected piglets, CSF of piglets with high
intracerebrospinal S. suis burden was centrifuged and
stained with anti-IgM F(ab’)2 and anti IgM Fc specific
antibodies. Cerebrospinal fluid was frozen within five
minutes after acquisition and stored at —80°C until
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analysis. Flow cytometry (BD, FACSCalibur) was used
to detect IgM F(ab’)2 and IgM Fc labeling on S. suis. To
gate S. suis in the CSF correctly, preliminary tests were
conducted with S. suis wt incubated in the CSF of
healthy but S. suis infected piglets or in the CSF of the
same piglets supplemented with serum with moderate
IgM levels (50 ELISA units) or IgG levels (29.1 ELISA
units), respectively. The frequencies of parent of IgM F
(ab’)2 and IgM Fc-positive S. suis were determined via
FlowJo™ V10 software.

C3 deposition on the surface of S. suis

Complement deposition on the streptococcal surface was
assessed basically as described [10], with the differences
of the use of an IgG depleted porcine anti-S. suis strain 10
serum as source of IgM and complement. Briefly, S. suis
strain 10, 10Aideg,,;, 10Aides,;; Vides,,s EcoRI,
Aidegy,,;sVidegg, ;s C195S were grown to an ODgyq of 0.8.
Then, 75ul of the respective cultures were centrifuged
and incubated for 1h at 37°C on a rotator with 150 pl
of a 1:2 dilution of an anti-S. suis strain 10 hyperimmune
serum depleted of all IgG. Staining of C3 labeled bacteria
was conducted with 250yl of a 1:150 diluted FITC-labeled
cross-reactive rabbit anti-human C3c antibody (Dako,
catalogue #F020102-2) for 1h at 4°C under constant
rotation. As positive control, undiluted serum was used,
as negative control, serum that had been heat inactivated
at 56°C for 30 min was used. For samples with the
addition of recombinant protein, 5ug of rldeg,,; or
rIdeg;,;s C195S were added to 10Aideg,,;; prior to incu-
bation with serum. Samples were measured using BD,
FACSFortessa and analyzed using FlowJo'™_V10
software.

Detection of anti-S. suis IgM, anti-S. suis IgG and
anti-ldesg,;s antibodies

Anti-S. suis strain 10 IgM, anti-S. suis strain 10 IgG and
anti-Ideg,,;s antibody titers were determined by ELISA
as described by Seele et al. [20]. Antibody titers below
10 ELISA units were considered as low, ten to seventy
ELISA units were considered as moderate and ELISA
units greater than 70 were considered as high.

Blood survival assays

Survival of S. suis wt and mutants in porcine blood was
analyzed using whole heparinized blood from eight-week
old piglets from a commercial pig farm (infected with
various S. suis serotypes). The withdrawal of blood was
approved under the permit number N19/14 by the
responsible authorities of the state of Saxony, Germany
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(Landesdirektion Sachsen). Assays with the addition of
rldeg;,;s homologue and rldes,,;;_homologue_C195S
were conducted with blood from eleven-week old piglets
known to be free of S. suis sly" mrp" epf" cps2, cps7 and
cps9 that served as placebo animals in an infection experi-
ment approved by the responsible authorities of the state
of Saxony, Germany under the permit number TVV
37-17. Survival factors were determined by dividing the
number of CFUs after a 2 h incubation period at 37°C by
the number of CFUs at t = 0 (CFU were determined by
plating of serial dilutions). As indicated, 0.5 ml porcine
whole blood was mixed with 0.1, 1, 10 pg rldeg,,; or
10 ug rldeg,,;. C195S, rldeg;,;s_homologue,
rldeg;,;s_homologue C195S. Then 1.5 x 10° CFU S. suis
wt or 10Aideg,,;s were added. Bacteria were added from
glycerol stocks prepared at the late exponential growth
phase. The mixture was incubated for 2 h at 37°C on a
rotator. For the detection of IgM cleavage products after
the 2 h incubation period, samples were centrifuged and
the supernatant analyzed by anti-pig IgM Western blot
analysis under reducing conditions as described above.
For survival assays with the complement inhibitor
vaccinia virus complement control protein (VCP,
GeneBalance, Inc., catalogue #GB-VCP250), 10, 2,
0.2 pg of VCP were added to 0.5 ml whole porcine
blood and incubated at 37°C for 5 min on a rotator. S.
suis  wt, 10Aidegy;»  10Aideg,;Videg,;s EcoRl,
10Aidegs,;;Videg,is_C195S were then added at 4 x 10°
CFU/ml and the whole incubated at 37°C for 2h. VCP
was used at concentrations where it is known to inhibit
complement significantly but not completely [19].

Opsonophagocytosis assay

For opsonophagocytosis assays with purified porcine
neutrophils, 1.5 x 10° CFU S. suis strain 10,
10Aideg,;s 10Aideg,;; Videg,,;s EcoRI,
Aideg,;sVides,,;;_C195S were incubated with 100 pl of
porcine serum for 0.5h at 37°C on a rotator. Bacteria
were added from glycerol stocks prepared at the late
exponential growth phase. The chosen experimental
serum was drawn from a piglet with meningitis five
days after experimental infection with S. suis strain 10
within a different animal experiment approved under
the permit number TVV 11/16 by the ethics committee
of the Landesdirektion Sachsen. This serum has mod-
erate levels of specific anti-S. suis IgM (20.4 ELISA
units/ml) and relatively low anti-S. suis IgG (35.8
ELISA units/ml) as confirmed by anti-S. suis IgM and
IgG ELISA. Serum of colostrum-deprived piglets (CDS)
served as positive control, anti-S. suis hyperimmune
serum as negative control. Porcine neutrophils were
separated as described by Seele et al. 2015 using ficoll

density centrifugation [10]. 5 x 10° purified porcine
neutrophils were added to the pre-incubated serum
containing the above mentioned 1.5 x 10° S. suis corre-
sponding to a multiplicity of infection (MOI) of 0.03.
Samples were then incubated for 2h at 37°C on a
rotator and the survival factor determined as described
for the whole blood survival assays above.

sC5b-9 ELISA

Porcine sC5b-9 was measured by ELISA as described by
Messias-Reason et al. [49]. with minor modifications,
using a monoclonal antibody against a neoepitope of
C5b-9 [50]. Briefly, ELISA plates were coated with a
cross-reactive monoclonal anti-C5b-9 antibody, plasma
samples were applied at a dilution of 1:3 and detection
was performed with a rabbit anti-human cross-reactive
C5 IgG primary antibody followed by a peroxidase-
conjugated goat anti-rabbit IgG antibody. Zymosan-
activated normal porcine serum (set as 1000 ELISA
units) was used as standard.

Animal experimental infection

Thirty-six specific-pathogen free German Landrace pig-
lets known to be free of sly” mrp" epf* cps2, cps7 and
cps9 S. suis were divided into four infection groups with
nine animals per group. The animals in the respective
groups were intranasally challenged with 1.5 x 10° CFU S,
suis strain 10, 10Aideg,;, 10Aideg,,;; Videg,s EcoRI,
10Aideg;,,;sVides,;s C195S at an age of 8 weeks after pre-
disposition with 1% acetic acid as described [46]. Bacterial
infection cultures were grown to mid-exponential growth
phase. The animal experiment was approved by the
Committee on Animal Experiments of the Lower
Saxonian State Office for Consumer Protection and
Food Safety under the permit number 33.12-42,502-04—
16/2305A. Handling and treatment of animals was in
strict accordance with the principles of the European
Convention for the Protection of Vertebrate Animals
Used for Experimental and Other Scientific Purposes as
well as the German Animal Protection Law. Animals were
clinically monitored including measurement of the inner
body temperature, assessment of movements and feed
intake every eight hours (piglets were only fed at these
time points). Piglets were regarded morbid if the inner
body temperature was equal to or greater than 40.2°C.
Piglets were euthanized for animal welfare reasons when
reaching predefined endpoints such as convulsions or the
inability to stand indicating severe meningitis or acute
polyarthritis, respectively. Furthermore, piglets were
euthanized if high fever (= 40.5°C), apathy and anorexia
persisted over 36 h. Surviving piglets were euthanized two



weeks after infection. Necropsies were performed by a
standardized protocol and samples for histopathological
as well as bacteriological investigations were taken as
described previously [46]. Isolated S. suis strains were
screened in a MP-PCR for detection of the cpsi, cps2,
cps7, cps9, mrp, epf, sly, arcA and gdh [51]. All isolates
from the 10Aidegy,;s infection group were tested in an
idess,;is PCR with the primer pair 800vorEcoRI,
800nachEcoRI to confirm the absence of the idegs,;.
gene. All isolates from the CSF, the tonsils and chosen
inner organs of the 10Aideg;,;sVidegs,;s _C195S infection
group were subjected to an ideg,;; PCR with the primer
pair IdeSsuis_con_fo, IdeSsuis_con_rev, followed by
sequencing to confirm the presence of the C195S point
mutation. All isolates from the 10Aides,,;Videg,,;; ECORI
infection group as well as all CSF isolates from the wt and
10Aideg,,,;Vides,,;s _C195S infection groups were tested
in a PCR with the primer pair 800vorEcoRI,
800nachEcoRI. The resulting 1619 bp PCR products
weres cut with EcoRI and separated by 1% agarose gel
electrophoresis to discriminate between S. suis wt and the
complemented strain 10Aideg,,;Videsg,;s _ EcoRIL.

Statistical analysis

All experiments were repeated at least three times. Data
was analyzed for normal distribution by the
Kolmogorov-Smirnov normality test. In case of normal
distribution, student’s unpaired, two-tailed t-test was
conducted. If data was not normally distributed, the
nonparametric two tailed Mann-Whitney test was
applied. Kaplan—Meier diagrams representing mortality
and morbidity were analyzed with the log-rank test.
Concentration dependency was analyzed by calculating
the Person correlation coefficient. A confidence interval
of 95% was chosen for all analyzes. Figures of all
experiments represent the mean and standard devia-
tion. Outliers were calculated by Graphpad QuickCalcs
(https://www.graphpad.com/quickcalcs/grubbs1/) and
excluded from analysis. Probabilities were considered
as follows p < 0.05 *, p < 0.01 **, p < 0.001 ***. Flow
cytometric data was analyzed using FlowJo™ _V10 or
Flowing Software version 2.5.1.

Abbreviations

aEry porcine anti-sheep erythrocyte serum

BCR B-cell receptor

CDS colostrum-deprived piglet serum

CFU Colony forming units

CSF cerebrospinal fluid

FITC fluorescein isothiocyanate

IdeE Immunoglobulin G degrading enzyme of

Streptococcus equi subsp. equi
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IdeP Immunoglobulin G degrading enzyme of
Streptococcus phocae

IdeS Immunoglobulin G degrading enzyme of
Streptococcus pyogenes

Ideggyis Immunoglobulin M degrading enzyme of
Streptococcus suis

IdeZ Immunoglobulin G degrading enzyme of
Streptococcus equi subsp. zooepidemicus

LB-broth Luria Bertani Broth

MFI geometric mean fluorescence intensity

MRP Muramidase-released protein
OPA Opsonophagocytosis assay

PBS Phosphate buffered saline

PCR Polymerase chain reaction

PE phycoerythrin

POD horseradish peroxidase

RT Room temperature

SD Standard deviation

SF survival factor

S. suis Streptococcus suis

ST Streptococcus suis sequence type
TBST Tris buffered saline Tween20
THB Todd-Hewitt Broth

VCP vaccinia virus complement control protein

wt wild type
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