
Molecular Microbiology. 2022;117:1479–1492.    | 1479wileyonlinelibrary.com/journal/mmi

1  |  INTRODUC TION

Streptococcus pneumoniae (or the pneumococcus) is an encapsu-
lated Gram- positive organism that is the main cause of community- 
acquired pneumonia and other frequent infections, such as otitis 
media and meningitis (Bogaert et al., 2004). Although pneumococci 
asymptomatically colonize the upper airways, they frequently shift 
from a commensal to a pathogenic condition within the host. It has 
been estimated that almost 1 million children below 5 years of age 
die from, and 15 million become ill with, pneumococcal disease 

(O'Brien et al., 2009). The burden of this disease is also high in the 
elderly and patients with associated immunodeficiencies (Picard 
et al., 2003). Bacteria make use of various strategies to promote their 
adhesion to eukaryotic cells during colonization and pathogenesis. 
Most Gram- positive pathogens express cell- wall surface structures, 
which directly or indirectly enhance bacterial interactions with host 
tissues, including cell adherence and invasion (Kline et al., 2009). 
Extracellular matrix (ECM) components, such as collagens, fibronec-
tin, vitronectin, fibrinogen, and plasminogen, represent fundamen-
tal targets for interactions of bacteria with host cells (Bingham 
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Abstract
The binding of Streptococcus pneumoniae to collagen is likely an important step in 
the pathogenesis of pneumococcal infections, but little is known of the underlying 
molecular mechanisms. Streptococcal surface repeats (SSURE) are highly conserved 
protein domains present in cell wall adhesins from different Streptococcus species. 
We find here that SSURE repeats of the pneumococcal adhesin plasminogen and fi-
bronectin binding protein B (PfbB) bind to various types of collagen. Moreover, dele-
tion of the pfbB gene resulted in a significant impairment of the ability of encapsulated 
or unencapsulated pneumococci to bind collagen. Notably, a PfbB SSURE domain is 
also bound to the complement component C1q that bears a collagen- like domain 
and promotes adherence of pneumococci to host cells by acting as a bridge between 
bacteria and epithelial cells. Accordingly, deletion of PfbB or pre- treatment with 
anti- SSURE antibodies markedly decreased pneumococcal binding to C1q as well as 
C1q- dependent adherence to epithelial and endothelial cells. Further data indicated 
that C1q promotes pneumococcal adherence by binding to integrin α2β1. In conclu-
sion, our results indicate that the SSURE domains of the PfbB protein promote inter-
actions of pneumococci with various types of collagen and with C1q. These repeats 
may be useful targets in strategies to control S. pneumoniae infections.
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et al., 2008; Binsker et al., 2017; Hammerschmidt et al., 2019; Singh 
et al., 2012).

Collagens, the most abundant components of ECM and the main 
constituents of connective tissues, are also frequently targeted by 
pathogenic microbes. Collagens consist of the association of three 
polypeptide α chains that give rise to several molecular isoforms. 
The 28 types of collagen identified so far include fibril- forming and 
network- forming collagens. Fibril- forming collagens, such as type I, 
II, and III, are assembled into triple- helical strands during connective 
tissue formation and wound healing. Network- forming collagens, 
such as type IV, VI, and X, determine the structure of basement 
membranes and are in direct contact with epithelial, endothelial, and 
muscle cells (Bella & Hulmes, 2017).

C1q, a component of the complement system, is an important 
part of innate immune defenses against invading pathogens (Ricklin 
et al., 2010). The C1q molecule has the shape of a flower bouquet 
and is formed by six identical trimeric proteins that associate to form 
the “stalk” and then diverge to form six “stems” each ending in a glob-
ular “flower head” (Agarwal & Blom, 2015). Each of the six proteins 
consists of three polypeptides whose collagen- like domains form a 
characteristic triple helix structure. The globular flower head has the 
function to bind antibodies as well as some acute- phase proteins, 
while the stalk binds to the C1r and C1s components of the comple-
ment system. The binding of the globular region to pathogen- bound 
antibodies or acute phase proteins induces a conformational change 
of C1r and activates the classical complement activation pathway 
(Agarwal & Blom, 2015). At least two surface proteins with C1q- 
binding properties have been identified in S. pneumoniae, namely 
the peptidoglycan- associated glycolytic enzyme glyceraldehyde- 3- 
phosphate dehydrogenase (GAPDH) (Terrasse et al., 2012; Terrasse 
et al., 2015) and pneumococcal endopeptidase O. Binding of the lat-
ter to C1q can promote bacterial adherence to and invasion of epi-
thelial cells (Agarwal et al., 2013) and modulate activation (Agarwal 
et al., 2014).

Collagen- binding proteins of several species of staphylococci 
and streptococci have been studied in detail (Arora et al., 2021; 
Philominathan et al., 2012). Less is known about the ability of S. 
pneumoniae to bind collagen and of the functional significance of 
this interaction. This pathogen was found in an early study to bind 
collagen type I and IV in a strain- dependent manner (Kostrzynska 
& Wadstrom, 1992). Moreover, collagen VI has been proposed as 
a putative adhesive target for pneumococcal binding to respiratory 
epithelium, even though the capacity of surface pneumococcal ad-
hesins to bind this type of collagen has been incompletely character-
ized (Bober et al., 2010). A few proteins with type I collagen- binding 
activity have been described in S. pneumoniae. The tip protein of the 
pneumococcal pilus- 1, RrgA, has been demonstrated to bind to col-
lagen I as well as laminin (Hilleringmann et al., 2008). Using atomic 
force microscopy, the pilus backbone protein RrgB was also found to 
bind to human collagen I in a manner influenced by the orientation 
of collagen fibrils (Becke et al., 2019). Moreover, DiiA (Dimorphic 
invasion- involved A), a novel pneumococcal dimorphic cell wall 
protein involved in invasive disease, is capable of binding collagen I 

(Escolano- Martinez et al., 2016). However, the precise contribution 
of these proteins to the overall ability of pneumococci to bind colla-
gen has not been assessed.

Streptococcal surface repeats (SSURE) have been described 
as 148– 152 amino acid long tandem repeats in several species of 
streptococci (Bumbaca et al., 2004). Streptococcus agalactiae (group 
B streptococcus or GBS) expresses on its surface PbsP (standing for 
plasminogen- binding surface protein), a cell- wall protein bearing two 
SSURE domains (Buscetta et al., 2016). S. pneumoniae also expresses 
a protein named PfbB (plasminogen and fibronectin- binding protein 
B) (Papasergi et al., 2010) or PavB (pneumococcal adherence and 
virulence factor B) (Jensch et al., 2010) containing 2 to 6 tandem 
SSURE domains (Figure 1a). This protein was previously identified 
as a significant target of antibody responses in patients with pneu-
mococcal pneumonia and invasive infections (Beghetto et al., 2006). 
The C- terminal and core SSURE repeats of PfbB are >95% identical 
but differ from the N- terminal repeat (Figure 1a). SSURE- containing 
proteins endow streptococci with the ability to bind multiple li-
gands in the extracellular matrix. Group B streptococcal PbsP can 
bind to plasminogen and vitronectin (Buscetta et al., 2016; De 
Gaetano et al., 2018; Lentini et al., 2018) while PfbB can interact 
with plasminogen, fibronectin and thrombospondin via SSURE re-
peats (Binsker et al., 2015; Jensch et al., 2010; Kanwal et al., 2017; 
Papasergi et al., 2010).

The present study was undertaken to better understand the mo-
lecular mechanisms underlying the interactions between pneumo-
cocci and collagen by focusing on the role of the SSURE- containing 
protein PfbB. We found here that the SSURE domains of PfbB can 
interact with various types of collagen and with C1q. Moreover, the 
binding of PfbB to C1q allows S. pneumoniae to adhere to and in-
vade epithelial and endothelial cells by a mechanism involving the 
collagen- binding integrin α2β1.

2  |  RESULTS

2.1  |  Optimal binding of S. pneumoniae to collagen 
requires PfbB

In initial experiments, we assessed the ability of the reference D39 
pneumococcal strain to bind collagen I in comparison with fibronec-
tin (Fn) and fibrinogen (Fbg), two ECM components that were pre-
viously shown to interact with these bacteria (Holmes et al., 2001; 
Speziale et al., 2019; Vassal- Stermann et al., 2014). In this assay, 
plates were sensitized with host proteins, incubated with pneumo-
coccal cells, and bacterial adhesion was detected using mouse anti- 
pneumococcal serum. S. pneumoniae, strain D39, interacted with 
type I collagen with an adhesion efficiency that was intermediate be-
tween Fn and Fbg binding (Figure 1b). In addition, we found that the 
DP1004 strain, an unencapsulated D39 mutant, adheres to collagen 
I, Fn, and Fbg with moderately greater efficiency than the parental 
strain (Figure 1b), indicating that the presence of a capsule partially 
masks the interaction of bacteria with such ligands. We also tested 
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F I G U R E  1  S. pneumoniae adhesion to collagens. (a) Schematic representation of the primary structure of PfbB, displaying a region (amino 
acid residues 144– 1053) containing six SSURE repeats and including N- SSURE (N- terminal repeat or SSURE 1), CORE SSUREs (SSURE 2– 5), 
and C- SSURE (C- terminal SSURE repeat or SSURE 6). N, N- terminus; SP, signal peptide; C, C- terminus; aa, amino acid. Shown are the amino 
acid sequences fused to a polyhistidine tail (his- tag) of the recombinant C- terminal SSURE (C- SSURE) and N- terminal SSURE (N- SSURE) 
domains used in this study. (b) Adhesion of encapsulated D39 and unencapsulated DP1004 strains to wells sensitized with fibronectin (Fn), 
fibrinogen (Fbg), type I collagen (Coll I), or bovine serum albumin (BSA), used as control. Bacterial adhesion was detected by ELISA using 
an anti- pneumococcus serum. (c) Adhesion of the same strains shown in (b) to collagen type I (Coll I), collagen type IV (Coll IV), collagen 
type VI (Coll VI), fibronectin (Fn), and bovine serum albumin (BSA), used as control. Bacterial adhesion was detected by ELISA using an 
anti- pneumococcus serum. Encapsulated D39 (d) and unencapsulated DP1004 (e) strains were compared to their respective isogenic pfbB 
deletion mutants (ΔpfbB- D39 and ΔpfbB- DP) for their ability to adhere to immobilized collagen type I (Coll I), collagen type IV (Coll IV), 
collagen type VI (Coll VI), fibronectin (Fn) and bovine serum albumin (BSA), used as control. Bacterial adhesion was detected by ELISA using 
an anti- pneumococcus serum. Shown are means ± SDs of three independent experiments conducted in triplicate. *p < 0.05 by Mann– 
Whitney test.
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encapsulated and unencapsulated bacteria for adhesion to other col-
lagen types, such as type VI (Bober et al., 2010), and type IV (Bella 
& Hulmes, 2017). Pneumococci bound efficiently to the different 
collagen types and the encapsulated strain showed a significantly 
reduced adhesion also to these ligands (Figure 1c). We next investi-
gated the role of PfbB, a Fn- binding adhesin (Papasergi et al., 2010), 
by analyzing the effects of pfbB deletion on pneumococcal binding 
to collagen. A ΔpfbB mutant (Papasergi et al., 2010) was significantly 
impaired compared to the wild- type D39 parental strain in its ability 
to bind to various collagen types and Fn, used as a positive control, 
but not to Fbg (Figure 1d). Since surface expression of PfbB is par-
tially masked in the encapsulated strain (Papasergi et al., 2010), we 
also determined the impact of pfbB deletion in the unencapsulated 
strain. As expected, pfbB deletion in the background of the unen-
capsulated DP1004 strain also resulted in a significant reduction of 
collagen adhering ability (Figure 1e). Overall, these data indicate that 
the PfbB protein significantly contributes to the ability of pneumo-
cocci to bind to collagens.

2.2  |  Role of PfbB in pneumococcal growth 
on collagen

Pneumococci can form biofilms in the upper respiratory tract 
of patients with recurrent infections, a process that is thought to 
be important in the pathogenesis of the pneumococcal disease 
(Domenech et al., 2012). Therefore, we investigated whether 
pneumococci could grow as biofilm- like aggregates on collagen- 
coated surfaces and whether the PfbB adhesin can play a role in 
the process. To this end, we measured surface- adherent growth in 
an assay in which bacteria were resuspended in a fresh culture me-
dium and added to microtiter plates pre- coated with collagen type I. 
Pneumococci were then allowed to grow overnight at 37°C. Under 
these conditions, coating with collagen significantly promoted the 
growth of wild type D39 bacteria as surface- adherent aggregates, 
compared to BSA- coated control wells (Figures 2a,b). Moreover, 
bacteria lacking pfbB (ΔpfbB- D39) showed a 40% decrease in their 

ability to form such aggregates on collagen- coated surfaces relative 
to the parental D39 strain (Figure 2a). Similarly, pfbB deletion signifi-
cantly decreased the ability of the unencapsulated DP1004 strain 
to grow as sessile aggregates on collagen- coated wells (Figure S1). 
These data indicate that collagen promotes the growth of pneumo-
cocci as surface- adherent masses and that PfbB is at least partially 
involved in this process.

2.3  |  SSURE antibodies inhibit pneumococcal 
binding to collagens

The PfbB protein of the D39 strain contains six SSURE domains 
that contribute to 78% of the protein structure. Therefore, it was 
of interest to explore the effects of SSURE- specific antibodies on 
bacterial adherence. To this end, we immunized mice with C- SSURE, 
a recombinant PfbB fragment encompassing the C- terminal SSURE 
domain (Figure 1a), which is >95% homologous to the four core re-
peats and tested the effects of immune sera on bacterial adherence. 
Pretreatment of encapsulated pneumococci with SSURE antibodies 
resulted in significant inhibition of their ability to bind to Fn as well 
as type I and IV collagen, but not to Fbg (Figure 3a). Collectively, 
these data suggest that the PfbB SSURE repeats are involved in the 
binding of pneumococci to collagen.

2.4  |  S. pneumoniae SSURE domains bind to 
collagen and C1q

Keeping in mind the ability of SSURE antibodies to inhibit S. pneu-
moniae adherence to collagen, we investigated whether SSURE do-
mains directly bind to collagen. In a previous study, we found that 
two isolated PfbB fragments, each containing one SSURE domain, 
bound weakly to type I collagen (Papasergi et al., 2010). However, it 
could not be excluded from those data that the presence of a rela-
tively bulky glutathione- S- transferase tag in the PfbB fragments in-
terfered with such binding (Papasergi et al., 2010). Therefore, we 

F I G U R E  2  S. pneumoniae grows in the sessile form on surfaces coated with type I collagen by a mechanism involving PfbB. (a) Effect of 
pfbB deletion on sessile growth of the encapsulated D39 strain (D39) in wells coated with type I collagen (Coll I) or bovine serum albumin 
(BSA). ΔpfbB, D39 pfbB deletion mutant. Columns indicate optical density at 595 nm (OD595nm) of solubilized crystal violet. Shown are means 
± SDs of three independent experiments conducted in triplicate. *p < 0.05 by the Mann– Whitney test. (b) Adhering aggregates (purple) of 
the encapsulated D39 strain and its isogenic pfbB deletion mutant (ΔpfbB- D39) before crystal violet solubilization.
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produced two His- tagged recombinant polypeptides encompassing 
the C- terminal and the N- terminal SSURE domains (C- SSURE and 
N- SSURE, respectively), of the PfbB protein (Figure 1a) and tested 
them for binding to collagens (types I, II, III, IV, and VI).

Since the complement system plays an important role in pneu-
mococcal pathogenesis, we also tested the C- SSURE fragment for 
binding to various complement factors (C3 and factors B, H, and I). 
In these experiments, plates were coated with human proteins and 
binding of C- SSURE was detected by addition to the wells of a His tag 
antibody. Figure 3b shows that C- SSURE is efficiently bound to col-
lagen I, II, and III. Notably, C- SSURE also efficiently bound C1q, but 
not the other complement components. To better define the binding 
activities of different SSURE domains, we tested graded doses of 
C- SSURE and N- SSURE, which differ significantly in amino acid se-
quence (Figure 1a), for their interactions with different types of col-
lagens and C1q. Surprisingly, N- SSURE is efficiently bound to type IV 
and VI, but not to type I, II, or III collagens or to C1q, while the oppo-
site was true for C- SSURE (Figure 3c,d). The binding of both recombi-
nant fragments to their respective ligands was dose- dependent and 
saturable. Data from these titration ELISA experiments were then 

used to calculate dissociation constants. C- SSURE bound collagen I, 
III, and C1q with dissociation constants of, respectively, 1.72 ± 0.2, 
1.16 ± 0.1, and 5.21 ± 0.4 μM, while N- SSURE bound collagen IV 
and VI with dissociation constants of, respectively, 1.58 ± 0.1 and 
1.20 ± 0.3 μM. Collectively, these data indicate that the two types 
of SSURE domains found in pneumococci bind to human collagens 
and C1q with an unexpected degree of specificity. C- SSURE more 
efficiently recognizes fibrillar collagens, such as type I and III, as well 
as C1q compared with other collagen types. Conversely, N- SSURE, 
which is only 73– 75% identical to C- SSURE, binds network- forming 
collagens such as type IV and VI, but not fibrillar collagens or C1q.

2.5  |  Pneumococci bind to C1q via PfbB

In view of the ability of the C- SSURE repeat to bind C1q, we as-
sessed the contribution of the SSURE- containing PfbB protein to the 
overall ability of pneumococci to bind C1q. As previously reported 
(Agarwal et al., 2013), we first observed that wild type D39 bacteria 
recognize and bind to C1q in a dose- dependent manner (Figure 4a), 

F I G U R E  3  The C- terminal PfbB SSURE domain binds to collagens and C1q. (a) Inhibition of binding of D39 pneumococci to collagens 
after bacterial pretreatment with serum raised in mice against recombinant PfbB C- SSURE (anti- SSURE serum). Serum from unimmunized 
mice (Normal serum) was used as a control. Bacterial binding was detected by counting colony- forming units (CFU) after detachment of 
bacteria with trypsin. (b) Binding of histidine (his)- tagged recombinant PfbB C- SSURE to collagens and complement components. Binding 
was detected by ELISA using an anti- his antibody. Plates were sensitized with 5 μg/ml of collagen types I, II, III, IV, VI, complement protein 
1q (C1q), complement protein 3 (C3), factor B, factor H, factor I or bovine serum albumin (BSA), used as control. (c and d) Dose- dependent 
binding of N- SSURE (c) and C- SSURE (d) domains to wells sensitized with 1 μg/ml of collagen type I, II, III, IV, VI and complement protein 
1q (C1q). The binding of increasing concentrations of recombinant proteins fused to histidine (his) was revealed by ELISA using an anti- his 
antibody. Shown are means ± SDs of three independent experiments conducted in triplicate.
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and that unencapsulated bacteria were more efficient in C1q binding 
relative to the unencapsulated DP1004 strain (Figure 4b). Notably, 
the ΔpfbB- DP deletion mutant was considerably impaired in C1q 
binding, with mean fluorescence intensity values that were consid-
erably lower than those observed with the DP1004 unencapsulated 
parental strain (Figure 4c). All together, these data indicate that the 
PfbB protein plays a significant role in pneumococcal binding to C1q.

2.6  |  Role of PfbB in C1q- mediated pneumococcal 
invasion of host cells

Pneumococcal adhesins may interact directly with host cell recep-
tors or bind to host proteins that function as a bridge between the 
pathogen and host tissue. Previous studies have demonstrated that 
C1q bound to the pneumococcal surface promotes adherence to 
and invasion of host cells (Agarwal et al., 2013). Therefore, we in-
vestigated the role of the PfbB protein in promoting C1q- mediated 
interactions between pneumococci and host cells. In these experi-
ments, we used two human epithelial cell lines, namely A549 (lung) 
and Hep- 2 (larynx), as well as the brain microvascular endothelial 
cell line hCMEC/D3. In agreement with previous data (Agarwal 
et al., 2013), pretreatment of pneumococci with C1q considerably 
increased adherence of encapsulated wild type pneumococci to the 
cell lines tested (Figure 5a– c). Conversely, this effect was observed 
to a significantly lower extent or not at all using the ΔpfbB- D39 
mutant (Figure 5a– c) or when pneumococci were pretreated with 
SSURE antibodies (Figure 5d,e). When the role of the PfbB protein 
in promoting C1q- mediated invasion was examined, the ability of 
encapsulated bacteria to invade microvascular endothelial cells as 
well as laryngeal or alveolar epithelial cells significantly increased 
in the presence of C1q. Interestingly, C1q was able to increase to 
similar degrees pneumococcal adhesion and invasion, indicating 
that C1q- mediated adherence is followed by bacterial internaliza-
tion (Figure 6). The invasion- promoting activity of C1q was reduced 
in comparison with the parental strain when the pfbB mutant was 
tested (Figure 6a– c). A similar reduction of invasion was observed 
when pretreating wild type bacteria with C1q in the presence of 
SSURE antibodies (Figure 6d,e). Collectively, these data confirm pre-
vious studies indicating that, in the presence of C1q, pneumococci 
bind more efficiently to, and invade, epithelial and endothelial cells 
(Agarwal et al., 2014). Moreover, our data indicate that the ability of 
C1q to promote these interactions depends at least partially on the 
expression of PfbB on the bacterial surface.

2.7  |  C1q promotes pneumococcal adherence by 
binding to the α2β1 integrin

Previous studies have determined that the α2β1 integrin interacts 
with C1q and collagen via its I domain (Merle et al., 2021). By this 
mechanism, C1q acts as a bridge between Bacillus anthracis spores 
and α2β1 integrin expressed on the surface of respiratory cells to 

F I G U R E  4  Role of PfbB in pneumococcal binding to C1q. The 
binding of C1q to pneumococci was measured by ELISA (a) or 
immunofluorescence flow cytometry (b and c). (a) Multi- well plates 
sensitized with pneumococci (5 × 107 CFU/ml) were incubated 
with increasing concentrations of C1q. Bound C1q was detected 
using anti- C1q antibodies (α- C1q). IgG1, isotype control. Shown 
are means ± SDs of three experiments performed in triplicate. 
(b) Binding of C1q (5 μg/ml) to encapsulated D39 (green line) 
and unencapsulated DP1004 (purple) strains as detected by 
immunofluorescence flow cytometry using an Alexa- Fluor- 488- 
labeled antibody. (c) Binding of C1q (5 μg/ml) to unencapsulated 
DP1004 (red) and its isogenic pfbB deletion mutant (ΔpfbB- DP, dark 
green), as detected by immunofluorescence flow cytometry using 
an Alexa- Fluor- 488- labeled antibody.
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increase spore invasion of these cells (Xue et al., 2011). Therefore, it 
was of interest to ascertain whether C1q can also act as a bridge be-
tween the PfbB SSURE domains and the α2β1 integrin thereby pro-
moting pneumococcal adherence. We first analyzed the interactions 
between C1q, isolated SSURE domains, and recombinant α2β1 integ-
rin. C1q is readily bound to α2β1 integrin, as expected (Figure 7a). The 
further addition of C- SSURE, but not N- SSURE, resulted in the for-
mation of a ternary complex with C1q and α2β1 integrin (Figure 7a). 
Next, we investigated the involvement of α2β1 in C1q- mediated 
pneumococcal adherence using anti- α2β1 antibodies. Figure 7b 
shows that pretreatment of epithelial cells with these antibodies, but 
not with control anti- αvβ3, markedly reduced C1q- mediated adher-
ence to A549 pneumocytes. Notably, anti- α2β1 or IgG pretreatment 
did not affect bacterial adherence in the absence of C1q, indicating 
that these integrins do not function as direct receptors for pneu-
mococci. Collectively, these data suggest that the ability of C1q to 
increase pneumococcal interactions with epithelial cells is at least 
partially related to the formation of a ternary complex involving the 
SSURE domains of PfbB, C1q, and α2β1 integrin.

3  |  DISCUSSION

Collagens are the body's most abundant proteins across the animal 
world and are likely to have played an important role in vertebrate 

evolution (Boot- Handford & Tuckwell, 2003). Not surprisingly, sym-
biotic bacteria have co- evolved various means to bind collagen, 
including the expression of specific cell- wall adhesins that endow 
them with the ability to colonize a variety of tissues and cause per-
sistent infections (Nobbs et al., 2009). Relatively little is known of 
the ability of pneumococci and their surface proteins to bind col-
lagen. Investigations have focused on the classical striated fibril-
lar collagen type I with the exception of one study showing strong 
interactions of pneumococci with collagen type VI, which is abun-
dantly expressed in the subepithelial surfaces of the upper and 
lower respiratory airways (Bober et al., 2010). However, pneumo-
coccal proteins capable of binding collagen type VI have not been 
identified. In pneumococci, the presence of type- 1 pili has been as-
sociated with virulence and enhanced the ability to interact with epi-
thelial and endothelial cells (Iovino et al., 2020). Proteins RrgA and 
RrgB were shown to be expressed along the entire pilus- 1 surface 
(Hilleringmann et al., 2008) and to consecutively interlock with col-
lagen type I fibrils, as shown using atomic force microscopy (Becke 
et al., 2019). However, pilus- 1 is present in only 20– 30% of pneumo-
coccal clinical isolates.

We find here that SSURE domains from the PfbB protein, which 
is highly conserved among pneumococcal strains, can bind various 
types of collagen. Notably, we detected a considerable degree of 
selectivity in SSURE interactions with different collagen types. A re-
combinant fragment encompassing the C- terminal repeat, which is 

F I G U R E  5  PfbB promotes C1q- dependent adhesion to epithelial and endothelial cells. (a– c) monolayers of respiratory epithelial (A549, 
hep- 2) and brain microvascular endothelial (hCMEC/D3) cell lines were infected with pneumococcal strain D39 or its isogenic pfbB mutant in 
the presence (10 μg) or in the absence of C1q. Adhering bacteria were measured by colony- forming units (CFU) counts. In some experiments 
(panels d and e) bacteria were pretreated with a pool of sera from animals immunized with C- SSURE recombinant repeat (anti- SSURE) or 
with a normal serum pool (normal). Shown are means ± SDs of three independent experiments conducted in triplicate. *p < 0.05 by Mann– 
Whitney test.
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>95% homologous to the core repeats, is bound more efficiently to 
fibril- forming collagens (types I, II, and III) than to network- forming 
collagens (type IV and VI). The latter was, in contrast, preferentially 
recognized by the N- terminal repeat, which differs at least by 25% 
or more in amino acid sequence from the other repeats. Recognition 

of different collagen types by different SSURE domains, as shown 
here, seems to provide a good example of how bacteria acquire the 
ability to interact with an increasing number of ECM components 
by continuous duplication and variation of existing repeats rather 
than de novo protein creation. Moreover, repeat oligomerization can 

F I G U R E  6  PfbB promotes C1q- dependent invasion of epithelial and endothelial cells. (a– c) monolayers of respiratory epithelial (A549, 
hep- 2) and brain microvascular endothelial (hCMEC/D3) cell lines were infected with pneumococcal strain D39 or its isogenic pfbB mutant 
in the presence (10 μg) or the absence of C1q. Intracellular bacteria were measured by colony- forming units (CFU) counts in an antibiotic 
protection assay. In some experiments (panels d and e) bacteria were pretreated with a pool of sera from animals immunized with the C- 
SSURE recombinant domain (anti- SSURE) or with a normal serum pool (normal). Shown are means ± SDs of three independent experiments 
conducted in triplicate. *p < 0.05 by Mann– Whitney test.

F I G U R E  7  C1q acts as a bridge between the C- SSURE domain and α2β1 integrin in mediating pneumococcal adhesion. (a) Interactions 
between C1q, recombinant SSURE domains (C- SSURE or N- SSURE), and α2β1- integrin in ELISA assays. Binding was detected with anti- 
C1q (black column) or anti SSURE antibodies. Shown are means ± SDs of three independent experiments conducted in triplicate. (b) 
Inhibitory effect of anti- α2β1 antibodies on C1q- mediated adhesion. Monolayers of respiratory epithelial cells (A549) were pretreated with 
antibodies against αVβ3 or α2β1 integrins before being infected with bacteria in the presence (10 μg) or absence of C1q. Adhering bacteria 
were measured by colony- forming units (CFU) counts. Shown are means ± SDs of three independent experiments conducted in triplicate. 
*p < 0.05 by Mann– Whitney test.
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increase the capacity of bacteria to interact with host molecules. 
Indeed, although the collagen- binding affinities of single SSURE do-
mains are low (with dissociation constants in the micromolar range, 
as estimated here), the presence of multiple repeats is likely to in-
crease PfbBB binding efficiency, as previously demonstrated for Fn 
and plasminogen binding (Jensch et al., 2010; Kanwal et al., 2017). 
Accordingly, PfbB deletion impaired the ability of encapsulated and 
unencapsulated pneumococci to interact with different collagen 
types, suggesting that this protein significantly contributes to the 
overall collagen- binding activity of these bacteria.

SSURE domains are present not only in pneumococci but also 
in other pathogenic and commensal streptococcal species, such as 
S. agalactiae and S. gordonii (Buscetta et al., 2016). Since the ECM 
binding ability varies among SSURE domains from different strep-
tococcal species, it will be of interest to investigate in future studies 
whether SSURE domains from S. agalactiae and S. gordonii also bind 
collagen and whether they display selectivity for different collagen 
types, as shown here for PfbB SSUREs. Although the PfbB protein 
plays a significant role in the ability of pneumococci to adhere to 
collagen, other proteins also seem to contribute to this activity as 
suggested by the residual binding activities of PfbB- deletion mu-
tants. DiiA is a highly conserved protein that efficiently binds to col-
lagen type I (Escolano- Martinez et al., 2016). Moreover, while in the 
present study, we used a non- piliated reference strain, the RrgA and 
RrgB adhesins might make an important contribution to the ability 
of piliated stains to bind collagen, as mentioned above. Therefore, 
future studies should assess the relative contribution of PfbB, DiiA, 
and pilus- 1 to the ability of piliated and non- piliated pneumococci 
to bind collagen. Currently available data suggest that adhesion of 
pneumococci to collagen involves the coordinated activity of differ-
ent adhesins, in an analogous manner to adherence to fibrinogen of 
group B streptococci (Buscetta et al., 2014; Gutekunst et al., 2004; 
Papasergi et al., 2013). However, the structural basis of interaction 
with collagen of the above- mentioned pneumococcal adhesins, 
which differ in sequence and structural organization, remains to be 
determined.

Well- organized pneumococcal biofilms are frequently found 
in the nasopharynx of individuals with persistent pneumococcal 
carriage. Moreover, the propensity of single strains to form bio-
films is inversely related to the amount of capsular material (Chao 
et al., 2015). Accordingly, we found here that the encapsulated D39 
strain has little ability to grow as surface- adherent aggregates on 
plastic surfaces. This strain, however, did grow in the sessile form on 
collagen- coated wells, in a manner that was partially dependent on 
the expression of the PfbB protein. It will be of interest to determine 
whether sessile growth on collagen, as described here, has common 
features with in vivo biofilm formation (Chao et al., 2015) and with 
in vitro biofilm models that depend on the presence of competence 
stimulating peptide and its receptor (Oggioni et al., 2006). It will also 
be of interest to assess whether PfbB expression is increased in bio-
films and promotes in vivo biofilm formation.

Our study shows that SSURE repeats from S. pneumoniae also 
bind C1q, the first component of the classical complement pathway. 

This is reminiscent of collagen- binding proteins from other bac-
terial pathogens. Collagen adhesin (Cna) from Staphylococcus au-
reus (Valotteau et al., 2017) and Cna- like proteins make up a large 
family of structurally related virulence factors from Gram- positive 
(Kreikemeyer et al., 2005; Krishnan & Narayana, 2011; Patti & 
Hook, 1994; Sillanpaa et al., 2009; Xu et al., 2004) and Gram- 
negative (Fink et al., 2002; MacKichan et al., 2008; Patti et al., 1994; 
Wagner et al., 2007) bacteria. These proteins bind both collagen and 
C1q and inhibit the classical complement activation pathway (Kang 
et al., 2013). Interestingly, Cna- like proteins are found in strepto-
coccal species, such as Streptococcus mutans, Streptococcus equi, 
Enterococcus faecalis, and Enterococcus faecium, that do not possess 
SSURE- containing proteins (Kang et al., 2013; Sillanpaa et al., 2009). 
Studies are underway to ascertain whether SSURE repeats from 
S. gordonii, S. mitis, and S. agalactiae bind C1q and inhibit, by these 
means, the classical complement activation pathway.

In the present study, we focused on another recently described 
functional feature of C1q, namely its ability to promote pneumo-
coccal adherence to and invasion of host cells. Notably, functionally 
active complement components have been detected in airway secre-
tions (Sarma et al., 2006). In this scenario, pneumococci can recruit 
C1q on their surface and use it as a bridge to interact with epithelial 
and endothelial cells (Agarwal et al., 2013; Agarwal et al., 2014). In 
a study performed by Xu et al. (2004), it was found that Bacillus an-
thracis spores interact via the LPXTG surface protein BclA with C1q, 
which in turn binds to the α2β1 integrin on host cells and promotes 
by this mechanism spore entry into epithelial cells (Xue et al., 2011). 
Thus, it was of interest to ascertain whether a similar mechanism 
is involved in the pneumococcal invasion of respiratory epithelial 
cells. This seems to be the case, as shown here by the formation of 
a ternary complex comprising C- SSURE, C1q, and α2β1. SSURE do-
mains were, however, unable to directly interact with this integrin. 
Moreover, pretreatment of respiratory epithelial cells with anti- α2β1 
largely prevented C1q- dependent, but not C1q- independent, pneu-
mococcal adherence. These data indicate that, albeit not a primary 
or direct receptor for pneumococci, α2β1 integrin is involved in ad-
herence and subsequent entry of these bacteria in the presence of 
C1q. Therefore, our data add pneumococci to the growing list of 
pathogens that target α2β1 integrin for entry into epithelial cells, in-
cluding group A streptococci, B. anthracis, echovirus 1, and rotavirus 
(Bergelson et al., 1992; Caswell et al., 2007; Ciarlet et al., 2002; Xue 
et al., 2011). Our data do not exclude, of course, the possibility that 
C1q bound to the surface of pneumococci interacts with receptors 
other than α2β1, such as CD91 and gC1q- R (receptor for the globular 
head of C1q; Ogden et al., 2001), a well- characterized bacterial in-
ternalization receptor (Braun et al., 2000). Finally, it should be noted 
that other proteins, such as the pneumococcal PepO protein that 
also binds C1q, can participate in C1q- mediated interactions with 
host cells (Agarwal et al., 2014). This is notion is supported by our 
data showing that anti- SSURE antibodies were unable to completely 
block C1q- mediated adherence and internalization.

In conclusion, our data indicate an important role of the PfbB 
SSURE domains in promoting interactions of pneumococci with 
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collagens, C1q and host cells. Since the colonization of epithelial cells 
and invasion of collagen- rich subepithelial tissues are essential steps 
in pneumococcal pathogenesis, these data may be useful to devise 
alternative strategies to control infections caused by antibiotic- 
resistant strains.

4  |  MATERIAL S AND METHODS

4.1  |  Bacterial strains and reagents

The encapsulated strain D39, serotype 2, (Iannelli et al., 1999; 
Shoemaker & Guild, 1974), and its unencapsulated DP1004 deriva-
tive (Iannelli et al., 2004) were used in this study. Deletion of the 
pfbB gene was accomplished by transformation of D39 or DP1004 
strains, as described previously (Papasergi et al., 2010), yielding 
strains ΔpfbB- D39, and ΔpfbB- DP. All bacteria were grown in Todd- 
Hewitt broth (Difco Laboratories) supplemented with 0.5% yeast ex-
tract (THY, Thermo Fisher Scientific) at 37°C in 5% CO2. We used in 
this study human fibronectin (Sigma- Aldrich; F0895), human fibrino-
gen (Fluka Analytical; 46,313), and C1q (Calbiochem; 204,876). Type 
I and III collagens from calfskin were generously donated by Dr R. 
Tenni, Department of Molecular Medicine, University of Pavia, Italy. 
Collagen type II was prepared from bovine nasal cartilage according 
to Stawich and Nimmi (Strawich & Nimni, 1971). Human type IV and 
VI collagens were from Sigma- Aldrich. Complement Factors B, H, 
and I were purchased from R&D (Minneapolis MN, USA).

4.2  |  Recombinant PfbB SSURE 
fragment and antisera

In the present study, we used two recombinant fragments desig-
nated C- SSURE and N- SSURE encompassing the C- terminal and 
N- terminal SSURE domains of the PfbB protein, respectively. C- 
SSURE is a recombinant polyhistidine- tagged polypeptide encom-
passing amino acids 902– 1053 of the PfbB protein, while N- SSURE 
is an identically tagged polypeptide encompassing amino acids 
144– 293 (Figure 1a). The encoding DNA fragments were cloned 
from genomic Streptococcus pneumoniae D39 DNA into the pET21b 
vector (Thermo Fisher Scientific, Milan, Italy). The C- SSURE encod-
ing genomic fragment was amplified using the primers c- ter_up: 5′
- AAACATATGGGTTTAATTTCTAAAGAAACTGTCGAAAAAG- 3′ 
and c- ter_low: 5′- AGTGCTCGAGTTCTTTAACATTTATCTTAATAG- 
3′. The N- SSURE encoding genomic fragment was amplified using 
the primers N- ter_up: 5′- AAACATATGGCAGAAACTACTCCTGAAC
- 3′ and N- ter_low: 5′- AGTGCTCGAGATTGATGTTGATGTCTACATT
- 3′. Both fragments were cloned into the XhoI and NheI restriction 
sites of pET21b. The recombinant plasmids were used to transform 
E. coli BL21(DE3) bacteria that were grown in the Luria Bertani me-
dium (LB; Life Science) at 37°C with ampicillin (100 μg/ml) until their 
mid- log phase (OD560nm = 0.6). Next, the bacteria were induced with 
1 mM isopropyl- β- D- thiogalactopyranoside (IPTG; Sigma- Aldrich; 

I6758) under shaking for 18 h at 30°C. The bacteria were then 
washed with phosphate- buffered saline (PBS: 137 mM NaCl; 2,7 mM 
KCl; 10 mM Na2HPO4; 1,8 mM KH2PO4), resuspended in lysis buffer 
(PBS; 100 μg/ml lysozyme, Fluka Analytical, 62,970; 25 mM imida-
zole, Sigma- Aldrich, I5513; 1 tablet per 50 ml of complete, EDTA- free 
protease inhibitor cocktail, Roche Diagnostics, 11,873,580,001) and 
lysed using a sonicator (MSE Soniprep 150, 4 1- min bursts). Both re-
combinant SSURE fragments were purified from lysate supernatants 
using a nickel affinity column (HisTrap HP; GE Healthcare, Italy). 
The purity of these preparations was assessed by polyacrylamide 
gel electrophoresis (Figure S2a). Anti- SSURE serum was produced 
by immunizing 6- week- old specific pathogen- free CD1 mice (Charles 
River Laboratories, Italia) by the intraperitoneal injection of 50 μg 
of the C- SSURE fragment in alum on days 0, 14, and 28. Sera were 
collected 15 days after the last immunization. The PfbB- specificity 
of SSURE sera was verified in ELISA assays by observing their lack 
of reactivity against bacteria deleted for pfbB (Figure S2b). To ob-
tain anti- pneumococcus serum, mice were immunized using 50 μg 
of a crude pneumococcal extract obtained as previously described 
(Papasergi et al., 2010). Immunizations were conducted according to 
the European Union guidelines for the handling of laboratory animals 
and to the Italian law, as detailed below under “Ethics Approval.”

4.3  |  Bacterial binding to immobilized host proteins

Bacterial adhesion to extracellular matrix components was deter-
mined by ELISA assays. For this purpose, 96 well of Nunc MaxiSorp 
flat- bottom plates (Thermo Fisher Scientific; 44- 2404- 21) were sensi-
tized at 4°C overnight with different substrates (5 μg/well) dissolved in 
0.05 M carbonate buffer (pH 9.5). After blocking with 5% BSA in Tris- 
Buffered Saline pH 7.5 (TBS; 50 mM Tris- Cl; 150 mM NaCl), pneumo-
cocci (107/well) were added to the plates and incubated for 2 h at room 
temperature (RT). After washing, pneumococcal binding to the wells 
was detected with anti- pneumococcus serum diluted 1:500 in TBS- 1% 
milk and incubated for an additional 1 h at 37°C. To detect antibody 
binding, anti- mouse IgG conjugated with alkaline phosphatase (Sigma- 
Aldrich; A7434) diluted 1:2000 in TBS- 1% milk was added and left for 
1 h at 37°C. After the addition of para- phenyl phosphate, absorbance at 
405 nm was determined in an ELISA plate reader. In some experiments, 
bacterial attachment to host extracellular matrix components was as-
sessed by colony- forming units (CFU) counting adherent pneumococcal 
cells. To this end, pneumococci were preincubated for 15 min at 37°C 
with sera and then added to substrate- coated- wells and incubated for 
1 h at 37°C in 5% CO2. After extensive washing, the wells were treated 
with trypsin (2.5 mg/ml; Sigma- Aldrich) for 10 min at 37°C in 5% CO2 to 
release the attached bacteria, which were enumerated on agar plates.

4.4  |  Growth on collagen- coated surfaces

Pneumococci were grown in THY broth to the early exponential 
phase (OD600nm ~ 0.3), diluted 1:5 in fresh THY medium, and added 
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to 6- well polystyrene flat- bottom plates that had been coated with 
human collagen type I (5 μg/ml) or BSA (5 μg/ml), used as control. 
Plates were incubated at 37°C in 5% CO2 for the following 16 h. 
Unattached bacteria were then gently decanted from the wells that 
were carefully washed with PBS (137 mM NaCl; 2,7 mM KCl; 10 mM 
Na2HPO4, 1,8 mM KH2PO4) and air- dried. Adherent bacteria were 
stained for 15 min with a 0.1% (w/v) solution of crystal violet (Sigma- 
Aldrich). After rinsing with PBS, the bound dye was released from 
stained cells using ethanol/acetone 80:20 (vol/vol) and quantified by 
measuring A595 nm values.

4.5  |  C- SSURE binding to human collagens and 
complement factors

To test the binding of the recombinant C- SSURE and N- SSURE 
fragments to immobilized substrates, wells were coated overnight 
at 4 °C in 0.1 M sodium carbonate, pH 9.5, with the indicated 
concentrations of human collagens or complement factors. The 
plates were washed three times with 0.5% (v/v) Tween 20 in PBS. 
To block additional protein binding sites, the wells were treated 
for 1 h at 22 °C with 2% (v/v) BSA in PBS. Increasing concentra-
tions of C- SSURE or N- SSURE (0,016– 10 μg/ml) were then added 
to the wells. Binding was detected by the addition of a mouse 
monoclonal antibody directed against the His- tag (Sigma- Aldrich) 
in 1% BSA- PBS for 1 h at RT, followed by a 45 min incubation with 
anti- mouse IgG horseradish peroxidase- conjugated antibody. 
Absorbance at 490 nm was determined after the addition of 3, 3′, 
5, 5′- tetramethylbenzidine or o- phenylenediamine dihydrochlo-
ride (Sigma- Aldrich) as a substrate.

4.6  |  Complex formation with α2β1 integrin

The binding of 1 μg of C1q to surface coated α2β1 integrin (R&D 
systems; 250 ng/well) was detected by the addition of rabbit anti- 
human C1q IgG (1:1000) followed by HRP- conjugated IgG second-
ary antibodies as described above. Binding of SSURE fragments to 
the integrin was detected using mouse monoclonal anti- His IgG 
(1:1000) followed by rabbit HRP- conjugated anti- mouse IgG, as 
described above. To assess ternary complex formation between 
α2β1 integrin, C1q, and SSURE domains, microtiter wells coated 
with 250 ng of α2β1 integrin were incubated with 1 μg of C1q for 
1 h followed by incubation with 1 μg of either C- SSURE or N- 
SSURE. After 1 h, the wells were incubated with a mouse mono-
clonal anti- His IgG followed by rabbit HRP- conjugated anti- mouse 
IgG as described above.

4.7  |  Analysis of C1q binding to bacteria

To investigate the binding of C1q to pneumococci, bacteria were 
grown in THY broth to the early exponential phase (OD600nm ~ 0.3), 

washed in TBS, and distributed in 96- well plates (5 × 107 CFU/well). 
Afterward, wells were blocked with TBS- 2% milk and incubated 
with the indicated doses of human recombinant C1q (Calbiochem; 
204,876) for 1 h at 37°C. Cell- surface bound C1q was revealed with 
a mouse anti- C1q monoclonal antibody (Abcam; ab71940) diluted 
1:100 in TBS- 1% milk followed by incubation with AP- conjugated 
anti- mouse IgG (Sigma- Aldrich; A7434).

For flow cytometry immunofluorescence analysis, bacteria 
were incubated with recombinant human C1q (5 μg/ml) for 1 h at 
room temperature in constant agitation. Washed bacteria were in-
cubated with anti- C1q antibody (Abcam; ab71940) diluted 1:100 
in 1% milk- PBS for 1 h at room temperature in constant agitation. 
Afterward, to detect the binding of C1q to the bacteria, an Alexa- 
Fluor- 488- labeled anti- mouse antibody was used. Bacteria were 
analyzed with a Flow Cytometer (BD FACS canto II) using the 
Flowlogic software.

4.8  |  Bacterial adhesion and invasion assays

The human cell lines A549 (type II alveolar epithelial cells, ATCC CCL- 
185), HEp- 2 (laryngeal epithelial cells, ATCC CCL- 23), and hCMEC/
D3 (brain microvascular endothelial cells, kindly provided by P.O. 
Couraud, INSERM, Paris, France) were grown in, respectively, F- 12 
medium (ATCC 30– 2004) and Eagle's Minimum Essential Medium 
(ATCC 30– 2003) with 10% (vol/vol) fetal bovine serum (1203C, 
Sigma- Aldrich) and Endothelial Cell Medium 2 (C- 22011, Promo 
Cell), supplemented with SupplementMix (C- 39216, Promo Cell), at 
37 °C in a humidified 5% CO2 incubator.

For adherence and invasion assays, cells were dispensed into 
12- well plates at a density of 5 × 104/well and grown in 5% CO2 
for 48 h before the assay. The monolayers were then washed 
three times with Dulbecco's PBS (DPBS; Euroclone) to remove 
any residual medium. Bacteria were grown to the early log phase 
(OD600nm ~ 0.3), washed, resuspended in RPMI without FBS, and 
applied to the monolayers at a multiplicity of infection of 30. For 
adherence assays, infected monolayers were incubated for 1 h at 
37°C in 5% CO2 and washed three times to remove non- adherent 
bacteria. In preliminary experiments, we determined that, under 
these conditions, there is no significant bacterial internalization. 
For studying C1q- mediated pneumococcal adhesion, bacteria 
were incubated for 20 min with 10 μg human recombinant C1q 
in a total volume of 100 μl at 37°C in 5% CO2 prior to addition 
to the monolayers. Post- infection, cells were washed three times 
with DPBS to remove unbound bacteria. After the addition of cold 
H2O and scraping, cell lysates were serially diluted and plated onto 
agar plates for colony counting. For invasion assays, after 1 h of 
adhesion, monolayers were washed and further incubated for 1 h 
with a medium containing bactericidal amounts of penicillin and 
streptomycin (200 U/ml and 200 μg/ml, respectively), as previ-
ously described. Adherence and invasion values were expressed 
as the number of cell- associated or invading bacteria. Blocking 
antibodies against integrin α2β1 and ανβ3 and control non- immune 
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antibodies were obtained in rabbits as previously described (De 
Gaetano et al., 2018). To assess the effects of blocking antibodies 
on pneumococcal adherence, cells were pre- incubated for 1 h with 
the appropriate antibodies diluted 1:1000 in a cell culture medium 
and then incubated with bacteria.

4.9  |  SSURE immune sera

To obtain sera, mice were immunized at the animal facilities of the 
Department of Pathology of the University of Messina, according to 
the European Union guidelines for the handling of laboratory ani-
mals. The procedure was approved by the local animal experimenta-
tion committee (OPBA) and by national authorities (Ministero della 
Salute, permit no.- 785/2018- PR).

4.10  |  Statistical analysis

All experiments were repeated at least three times and the data were 
expressed as means ± standard deviations (SD). Data were analyzed 
for statistical significance by the Mann– Whitney test. A p- value of 
0.05 was used as the threshold for significance.
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