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ABSTRACT Complement is a critical component of antimicrobial immunity. Various
complement regulatory proteins prevent host cells from being attacked. Many
pathogens have acquired the ability to sequester complement regulators from host
plasma to evade complement attack. We describe here how Streptococcus pneu-
moniae adopts a strategy to prevent the formation of the C3 convertase C4bC2a by
the rapid conversion of surface bound C4b and iC4b into C4dg, which remains
bound to the bacterial surface but no longer forms a convertase complex. Noncap-
sular virulence factors on the pneumococcus are thought to facilitate this process by
sequestering C4b-binding protein (C4BP) from host plasma. When S. pneumoniae
D39 was opsonized with human serum, the larger C4 activation products C4b and
iC4b were undetectable, but the bacteria were liberally decorated with C4dg and
C4BP. With targeted deletions of either PspA or PspC, C4BP deposition was markedly
reduced, and there was a corresponding reduction in C4dg and an increase in the
deposition of C4b and iC4b. The effect was greatest when PspA and PspC were both
knocked out. Infection experiments in mice indicated that the deletion of PspA
and/or PspC resulted in the loss of bacterial pathogenicity. Recombinant PspA and
PspC both bound serum C4BP, and both led to increased C4b and reduced C4dg
deposition on S. pneumoniae D39. We conclude that PspA and PspC help the pneu-
mococcus to evade complement attack by binding C4BP and so inactivating C4b.

KEYWORDS C4b-binding protein, complement, pneumococcal surface protein,
Streptococcus pneumoniae

treptococcus pneumoniae (the pneumococcus) is the leading cause of community-

acquired pneumonia, claiming more than a million lives every year, and the majority
of these fatalities occur in developing countries (1, 2). It is also a major cause of otitis
media, septicemia, and meningitis. Children under five, the elderly, and immunocom-
promised individuals are at particularly high risk of pneumococcal infection (3-5).
Complement-mediated opsonophagocytosis is a vital component of the host response
to pneumococcal infections (6-8).

Complement is triggered via three pathways: the classical, lectin, and alternative
pathways (9). Activation of the classical pathway starts when Cl1q recognizes the Fc
region of IgG or IgM bound to specific antigen. Binding of C1q to its target initiates the
activation of the serine proteases C1r and C1s. Activated C1s then cleaves C4 into C4a
and C4b. The larger C4b fragment binds to the activating surface via its newly exposed
reactive thioester group. C4b subsequently binds C2, which is also cleaved by C1s
creating the C3 convertase (C4b2a) (10).
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The lectin pathway is activated when recognition molecules, including mannose-
binding lectin (MBL), collectin-11, heterotrimers of collectin-11 and collectin-10, and
three different members of the ficolin family, bind to carbohydrate moieties on the
pathogen surface (11). The binding of these lectins activates the MBL-associated serine
proteases MASP-1, -2, and -3. Like the classical pathway enzyme C1s, MASP-2 cleaves
both C4 and C4b bound C2 to generate the C3 convertase (C4b2a) complex (12).

Unlike the classical and the lectin pathways, the initiation of the alternative activa-
tion pathway of complement does not involve specific recognition complexes. Spon-
taneous low-level hydrolysis of C3 leads to deposition of C3b on cell surfaces. Zymogen
factor B binds to the immobilized C3b and is subsequently cleaved by factor D to form
C3bBb, the alternative pathway C3 convertase (13, 14).

All three pathways result in the formation of a C3 convertase, which cleaves the
abundant plasma protein C3 into C3a and C3b. C3b is the major opsonin of the
complement system and also provides new sites for the binding of factor B, leading to
amplification of complement activation via the alternative pathway. Binding of addi-
tional C3b to the C3 convertases results in the formation of C5 convertases, which
cleave C5 into C5a and C5b. C5a is a potent anaphylatoxin, with important roles in
inflammation and chemotaxis, whereas C5b initiates the terminal pathway, leading to
the formation of the membrane attack complex (MAC) (15-17).

Host tissues are protected from complement attack by a variety of complement
regulators, including C4BP, factor H, C1 inhibitor, and other surface-bound regulators
and inhibitory proteins (9). C4BP is a vital fluid phase regulator of the complement
system. It binds to C4b and serves as a cofactor for the factor I-mediated conversion of
C4b into inactive fragments, thus limiting the half-life of the classical and lectin
pathway C3 convertase (C4b2a). On host cells, the membrane cofactor protein (MCP;
CD46) serves the same function as C4BP, acting as an alternative cofactor for factor I.
The breakdown of C4b by factor | is sequential: an initial cleavage leaves surface bound
iC4b, which is opsonic, but cannot form an active C3 convertase. Cleavage at a second
site releases a large fragment, C4c, and leaves a small fragment of the C4 «-chain, C4dg,
covalently bound to the surface (18-20).

Many pathogens have developed strategies to avoid complement activation on
their surfaces, frequently by capturing host complement regulatory proteins. The
resistance of Neisseria gonorrhoeae to serum killing is mainly due to its ability to
sequester host C4BP (21-23). Streptococcus pyogenes, Candida albicans, and Haemophi-
lus influenzae were also reported to bind C4BP (24-27).

Streptococcus pneumoniae has a thick and rigid cell wall that resists MAC-mediated
lysis. Therefore, opsonization with C4 and C3 is the key weapon with which comple-
ment fights S. pneumoniae (28). S. pneumoniae has evolved different strategies to resist
complement attack. The pneumococcal polysaccharide capsule impairs C3 deposition
on the pneumococcal surface, thus reducing opsonization, resulting in decreased
phagocytosis. It also masks cell wall-bound IgM from complement Clq, affecting
classical pathway activation (6, 29, 30). Pneumolysin, the major toxin of S. pneumoniae,
indirectly contributes to complement evasion by diverting complement activation
away from the pneumococcal surface (31, 32). Pneumococcal surface protein C (PspC)
triggers factor I-mediated cleavage of C3b by binding to host factor H, which decays
and inactivates the alternative pathway C3 convertase and limits C5 convertase forma-
tion on the bacterium (33, 34). Pneumococcal surface protein A (PspA), another surface
protein, is present in all S. pneumoniae serogroups (35) and is reported to inhibit
complement activation on the surface of the bacteria (36). Recently, PspA was shown
to inhibit C-reactive protein and limit complement deposition via the classical pathway
(37). Moreover, PspA and PspC have been reported to inhibit C4 deposition on the
pneumococcal surface, resulting in impaired activation of the classical pathway (38-40).

We investigated here the mechanism that effectively restricts the deposition of C4b
on the pneumococcal surface. We demonstrate the roles of PspA and PspC in this
process by using PspA-, PspC-, and PspA~/C- strains of S. pneumoniae and show to what
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FIG 1 (A and B) C4b deposition is undetectable on different strains and serotypes of encapsulated (A)
and nonencapsulated (B) S. pneumoniae. Microtiter plates were coated with formalin-fixed bacteria and
incubated with serial dilutions of human serum. C4 was detected using chicken anti-human C4b. In both
the experiments, C4b deposition could not be detected on any of the pneumococcal strains. Mannan and
E. coli were used as positive controls. The results are means * the standard errors of the mean (SEM) of
three different experiments. The differences between the controls (mannan and E. coli) and the S.
pneumoniae strains were significant (P < 0.001); there were no differences among the S. pneumoniae
strains (two-way analysis of variance [ANOVA] with Dunnett’s correction for multiple comparisons).

extent the presence or absence of these two surface proteins prevents C4b deposition
to S. pneumoniae.

RESULTS

When C4 is activated in close proximity to the surface of a pathogen, the larger C4b
fragment binds to the surface via its newly exposed reactive thioester group. C4b then
binds C2, which is activated by C1s, building a C3 convertase (C4b2a). The activity of
this C3 convertase is primarily controlled by the factor I-mediated degradation of C4b
into iC4b then C4c and C4dg, which is the smallest C4 fragment that remains covalently
bound to the surface. Factor | requires C4BP or MCP as a cofactor. We have previously
shown that when wild-type S. pneumoniae D39 is opsonized with serum, the larger
activation products, C4b and iC4b, are virtually undetectable on the bacterial surface,
whereas C4dg is present in abundance (7). These observations, and reports by others
(40, 41), led us to the hypothesis that S. pneumoniae sequesters C4BP from host serum
to inactivate C4b and that the likely receptors for C4BP are PspA and/or PspC.

To test this hypothesis, we generated PspA-, PspC-, and PspA-/C- knockout strains
of D39 and compared the binding of C4BP with the deposition of C4 degradation
fragments, on the mutant and parent strains.

In a preliminary experiment, we demonstrated that the Psp knockout strains used in
this study have limited virulence in vivo. When mice were infected intranasally with
2.5 X 10% CFU of D39, 90% succumbed to the infection after 96 h. Mortality was
reduced to 30% in the PspA- strain and 50% in the PspC- strain, while the PspA-/C-
knockout strain proved to be avirulent (see Fig. S1 in the supplemental material).

Serotype variations and encapsulation are not associated with the lack of C4b
deposition on the pneumococcal surface. Deposition of C4b was assessed on eleven
encapsulated strains of S. pneumoniae, covering six serotypes. Formalin-fixed wild-type
S. pneumoniae samples were immobilized on microtiter plates, incubated with serial
dilutions of normal human serum (NHS), and assayed for C4b deposition. No C4b was
detected on any of the strains tested, whatever the serotype. C4b was abundantly
deposited on Escherichia coli and mannan, which were used as positive controls
(Fig. 1A). Eight nonencapsulated strains were also tested, none of which showed any
C4b deposition (Fig. 1B). Thus, the factors that determine resistance to C4b deposition
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FIG 2 Deposition of C4b, C4dg and C4BP on wild-type S. pneumoniae D39 and its PspA-, PspC-, and
PspA-/C- mutant strains. Microtiter plates were coated with formalin-fixed bacteria and incubated with
serial dilutions of human serum. C4b (A), C4dg (B), and C4BP (C) deposition was assayed using specific
antibodies. C4b is not detected on wild-type D39 but appears on the pneumococcal surface in the
absence of PspA and/or PspC, with the highest level detected on the PspA-/C- double-mutant strain. In
contrast, C4dg (the final product of C4 degradation) and C4BP are abundant on wild-type D39, less so
on the PspA- and PspC-deficient strains, and almost completely absent on the PspA-/C- double-knockout
strain. Neither C4dg nor C4BP was detected on mannan. When live bacteria were opsonized with NHS
and then analyzed for C4dg (D) and C4BP (E) by FACS, the results were consistent with those obtained
using immobilized formalin-fixed bacteria. The results are means = the SEM of three different experi-
ments. In panels A, B, and C, results were analyzed by two-way ANOVA with Dunnett’s correction for
multiple comparisons. The P value was =0.001 for every comparison between the Psp mutants and D39.
Statistical significance is indicated by asterisks in panels D and E (¥, P < 0.05; **, P < 0.01; ***, P < 0.001
[two-tailed t test]).

are conserved across strains and serotypes, have nothing to do with the capsule, and
are therefore likely to reside in the cell wall.

Inactivation of PspA and/or PspC reduces the degradation of C4b on S. pneu-
moniae. We opsonized formalin-fixed wild-type S. pneumoniae D39, along with PspA-,
PspC-, and PspA-/C- knockout strains of D39, with serial dilutions of normal human
serum and assayed for C4b and C3dg using a microtiter plate assay (Fig. 2). C4b could
not be detected on the surface of the wild-type D39 strain but increased when PspA or
PspC was knocked out and was highest in the absence of both PspA and PspC (Fig. 2A).
The results for C4dg were the opposite; high levels of C4dg were observed on the
wild-type D39 strain, reduced in the PspA and PspC knockout strains, and almost
completely absent in the PspA-/C- double-knockout strain (Fig. 2B). These results
suggested a synergistic role for PspA and PspC in the rapid degradation of C4b to C4dg
on the pneumococcal surface.

C4 degradation is associated with high levels of surface bound C4bp. Next, we
compared the deposition of C4dg and C4BP on the surface of formalin-fixed bacteria
using microtiter plate-based assays (Fig. 2B and C) and on live bacteria by fluorescence-
activated cell sorting (FACS) (Fig. 2D and E). C4dg deposition was decreased in the
absence of PspA or PspC, while deficiency of both PspA and PspC resulted in negligible

January 2019 Volume 87 Issue 1 e00742-18

Infection and Immunity

iaiasm.org 4


https://iai.asm.org

Pneumococcal PspA and C Limit Complement Opsonization

A C4BP
1.0
g — PspA
[Ye)
Q
S 05 — PspC
O
— BSA
0.0 1
0 5 10
[Serum] %
B Cab C C4dg
1.0 1.0
£ ] 1S ]
= E = ]
8 ] 8 ]
< E ]
o 0.5 2 0.5
o ] o ] *
(i S 0 S ———
0.01 0.1 1 10 0.01 0.1 1 10
[Protein] ug/ml [Protein] ug/ml

FIG 3 Recombinant PspA and PspC bind serum C4BP, inhibit C4dg deposition, and augment C4b
deposition on S. pneumoniae D39. (A) Microtiter plates were coated with recombinant PspA or PspC
(0.5 nwg/well) and blocked with BSA. Serial dilutions of NHS were incubated on the plates, and bound
C4BP was detected with anti-human C4BP. Wells just blocked with BSA were used as a negative
control. (B and C) Microtiter plates were coated with formalin-fixed D39 and incubated with 1% NHS
supplemented with the indicated concentrations of recombinant PspA, PspC, or BSA (for controls).
Mixing serum with either PspA or PspC led to increased C4b deposition (B) and reduced C4dg
deposition (C). The results are means = the SEM of duplicates and are representative of two
independent experiments.

levels of C4dg being detected on the surface of pneumococci. Results for C4BP
deposition were directly comparable; the highest levels were observed on the wild-type
strain, with significantly lower levels on the single PspA and PspC knockout strains and
very low levels of C4BP on the double-knockout strain (Fig. 2C and E). Taken together,
these results provide strong evidence for the hypothesis that the pneumococcal Psp
proteins cooperate to sequester host C4BP and so inactivate C4b on the bacterial
surface. Mannan, which was used as a control in these experiments, showed high C4b
and C4c depositions (Fig. 2), no C4dg deposition, and no C4BP binding, suggesting that
the ability to bind C4BP is crucial for the conversion of C4b and C4c into C4dg.

Recombinant PspA and PspC bind to serum C4bp. Microtiter plates coated with
recombinant PspA or PspC were used in a pulldown assay to capture C4BP from human
serum. Serum C4BP bound to both proteins in a concentration-dependent and satu-
rable manner (Fig. 3). The apparent 50% effective concentration for the binding to PspC
was approximately one-quarter that for PspA, indicating that the affinity of PspC for
C4BP is ~4-fold greater than that of PspA. No binding was seen with wells coated with
bovine serum albumin (BSA), which were used as a negative control. In another
experiment, we preincubated 1% NHS with serial dilutions of the recombinant proteins
before using the mixture to opsonize formalin-fixed bacteria on microtiter plates. Both
proteins increased C4b deposition and inhibited C4dg deposition on the bacteria to
approximately the same extent (Fig. 3B and Q).

C3b deposition on the surface of wild-type and mutant strains of S. pneu-
moniae D39. C3 deposition was assessed on the surface of wild-type D39 and its PspA-
and PspC- strains to test whether the lack of C4b fragments would affect downstream
complement activation. C3b deposition was not completely absent on D39, even at
serum concentrations too low to be permissive for effective alternative pathway
activation. However, a deficiency of either PspA or PspC significantly increased the level
of C3 deposition, and the highest level of C3b deposition was observed on the PspA-/C-
double mutant (Fig. 4). This result suggests that effective C4b deposition helps but is
not an absolute requirement for C3b opsonization of pneumococci, a finding that is
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FIG 4 The deficiency of either PspA or PspC enhances C3b deposition on the surface of S. pneumoniae.
C3b deposition was detected by anti-human C3c antibody. The absence of C4b deposition on D39 does
not lead to completely defective C3 opsonization of the pneumococcal surface. However, higher levels
of C3b deposition were detected on PspA-, PspC-, and PspA-/C- strains, where C4b can also be detected.
The results are expressed as means * the SEM, representing three different experiments. P < 0.001 for
all Psp mutant versus D39 comparisons (two-way ANOVA with Dunnett’s correction for multiple
comparisons; results obtained with mannan were excluded from the analysis).

consistent with our previous observation that C3b can be deposited via the lectin
pathway, even in the complete absence of C4 (7).

DISCUSSION

It has previously been reported that the complement activation product C4b is
undetectable on the surface of S. pneumoniae after exposure to human and mouse
serum. Instead, the pneumococcal surface is liberally decorated with the final break-
down product of C4, C4dg, suggesting that the bacteria do not avoid C4 deposition
altogether but possess a mechanism to inactivate the larger opsonic fragments (C4b
and iC4b). The details of this mechanism have not been completely elucidated (42).

Li et al. (40) showed that the absence of PspA resulted in increased C1q, C4, and C3
deposition on the pneumococcal surface and increased immune adherence to eryth-
rocytes. In a PspA- and PspC-deficient strain, the same effect was observed, but C3
opsonization was further increased. Enhanced C3b deposition on PspA and PspC
doubly deficient bacteria was not seen when factor B-deficient mouse serum was used,
implying that the high level of C3b deposition in the double-knockout PspA- and
PspC-deficient strain is alternative pathway dependent. A deficiency of PspC alone had
no effect on the alternative pathway or immune adherence. Together, these results
suggest that PspA alone increases classical pathway activation and then acts together
with PspC to further increase C3 opsonization and immune adherence, although it
should be noted that Li et al. did not give full consideration to the contribution of the
lectin pathway, which might account for all of the effects described, except the
enhanced C1q binding. The reported susceptibility of PspC-deficient S. pneumoniae to
alternative pathway-driven C3 opsonization might be explained by the fact that PspC
can sequester factor H from host serum to the bacterial surface (43), where it prevents
the formation of alternative pathway C3 convertases by accelerating the decay of C3bB
and C3bBb complexes and by acting as a cofactor in the factor I-mediated conversion
of C3b to smaller cleavage products.

A recent paper by Dieudonne-Vatran et al. reported the attachment of host C4BP to
multiple clinical isolates of S. pneumoniae (41). C4BP bound to the bacteria retained its
biological function, i.e., it was able to direct the factor I-mediated degradation of C4.
C4BP binding was particularly high in several serotype 14 strains. Using isogenic
variants of TIGR4 expressing different capsule types, as well as isogenic capsule deletion
mutants (Acps) of serotype 14, these authors showed that C4BP attachment was not
directly related to capsular serotype. C4BP binding was, however, shown to be a
function of the PspC allotype. It is particularly high in strains expressing PspC allotype
4, which includes most serotype 14 strains, and is significantly reduced, but not
abolished, in ApspC strains (41).

Using mutant strains of S. pneumoniae D39 with targeted deletions of PspA, PspC,
or both, we investigated whether only PspC, or also PspA, can sequester host C4BP to
the bacterial surface and so promote the decay of C4b and iC4b to C4dg (neither of

January 2019 Volume 87 Issue 1 e00742-18

Infection and Immunity

iaiasm.org 6


https://iai.asm.org

Pneumococcal PspA and C Limit Complement Opsonization

which can form the C3 convertase, C4b2a). Bacteria with single absences of either PspC
or PspA showed increased levels of C4b (and iC4b) deposition. C4b deposition was
maximized in the absence of both PspA and PspC. There was a negative correlation
between the levels of C4b deposition on the one hand and the levels of C4BP and C4dg
on the other (Fig. 2). This implies that both PspA and PspC can bind serum C4BP and
so accelerate the conversion of C4b to C4dg.

Crucially, we were able to demonstrate a direct interaction between C4b and
recombinant PspA and PspC. Using a pulldown assay, we were able to show that, when
recombinant Psp proteins were immobilized on a microtiter plate, they captured C4BP
from human serum (Fig. 3). Likewise, PspA and PspC both acted as competitive
inhibitors of pneumococcal PspA and C, augmenting C4b deposition on D39 and, at the
same time, reducing C4dg deposition (Fig. 3B and Q). In a direct binding assay, it
appeared that PspC bound C4 about four times as strongly as PspA; in the inhibition
assays, the 50% inhibitory concentrations of the proteins were similar.

We demonstrated that the factors that determine resistance to C4b deposition on S.
pneumoniae are conserved across 11 different encapsulated strains, covering 6 sero-
types and 8 nonencapsulated strains (Fig. 1). Thus, resistance to C4b deposition is a
function of the cell wall and is independent of capsule. Dieudonne-Vatran et al. (41)
noted that encapsulation significantly reduces C4BP binding; our results indicate that
even in the presence of capsule sufficient C4BP binds to the pneumococci to ensure the
complete inactivation of C4b.

The results reported here show that both PspA and PspC can capture and bind C4BP
from serum, which in turn drastically restricts the half-life of C4b deposited on the
bacterial surface through its rapid conversion to C4dg via factor I-mediated and C4BP
cofactor-catalyzed cleavage.

We recently described a mechanism by which the lectin pathway can activate C3 in
the absence of C4, i.e., MASP-2 can directly cleave C3 to C3b and iC3b (44, 45). In
pneumococcal infection, this partially compensates for the loss of C4 (and the resulting
loss of the classical and lectin pathway C3 convertase, C4b2a) and explains why
MASP-2-deficient mice are more susceptible to infection (7). It also offers an explana-
tion for the residual C3b deposition seen on S. pneumoniae opsonized with serum at
concentrations too low to be permissive for alternative pathway activation (Fig. 4).

In conclusion, we describe the mechanism that S. pneumoniae uses to evade
complement C4 deposition on its surface, where C4b is not inhibited on the surface of
the pneumococcus, but it is rapidly degraded into the smaller hemolytically inactive
product C4dg through sequestration of C4BP by the noncapsular virulence factors PspA
and PspC in close proximity to C4b. This finding explains how the deficiency of either
PspA or PspC significantly increases the level of C3b deposition on the surface of the
bacteria, enhances opsonophagocytosis, and hence minimizes the virulence of S.
pneumoniae in a mouse model of S. pneumoniae infection.

MATERIALS AND METHODS

Bacterial strains. S. pneumoniae serotype 2 strain D39 (NCTC 7466) was obtained from the National
Collection of Type Cultures, London, UK. Clinical isolates of serotypes 3, 18C, and 6B were provided by
Herminia de Lencastre, ITQB Nova, Oeiris, Portugal. Mutant strains used in this study were all derived
from serotype 2 strain D39. The PspC- strain was provided by Aras Kadioglu, University of Liverpool,
Liverpool, UK. Other strains were from the collection of Peter Andrew.

Construction of pspA and pspA pspC mutant strains. In vitro mariner mutagenesis was used to
construct the pspA mutant (46). The genetic region containing SPD_0126 was amplified using SPD0126F
(CAAGTCTAGCCAGCGTCGCT) and SPD0126R (CAGAATCAGCCCCTCCAAG) primers. For this, 200 ng of PCR
fragment was mixed with 200 to 400 ng of donor mariner plasmid pR412, conferring resistance to
spectinomycin. The mixture was incubated in the presence of Himar1 transposase, as described previ-
ously (46, 47). Gaps in transposition products were repaired with T4 DNA polymerase (New England
BioLabs, Hitchin, UK) and subsequently by E. coli ligase (New England Biolabs). Using a synthetic
competence-inducing peptide, repaired transposition products were transformed into S. pneumoniae
D39. Transformants were selected with 100 ug/ml spectinomycin. Later, the insertion of the resistance
cassette was confirmed by PCR using the transposon-specific primer MP127 (CCGGGGACTTATCAGCCA
ACC) or MP128 (TACTAGCGACGCCATCTATGTG) with appropriate chromosomal primers. Moreover, fur-
ther confirmation of mutations was done by sequencing (48). To construct the pspA pspC mutant strain,
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the mutated region was amplified from the pspA mutant using SPD0126F and SPD0126R and trans-
formed into the pspC mutant as described above.

Heterologous expression and purification of PspC and PspA. PspC (SH13) and PspA (QP2) were

purified by using Ni2*-affinity chromatography from E. coli BL21 as described earlier (49-51). Briefly,
E. coli strains were grown in Luria-Bertani medium (Roth), and protein expression was induced (at an
optical density at 600 nm [ODg,,] of 0.8) with 1 mM IPTG (isopropyl-B-b-thiogalactopyranoside) for
3 h. Hiss-tagged proteins from cell lysates were purified using an AKTA purifier system (GE
Healthcare) and 1-ml HisTrap FF crude columns (GE Healthcare). Finally, the proteins were dialyzed
against phosphate-buffered saline (PBS; pH 7.4) and analyzed by SDS-PAGE and Coomassie brilliant
blue R-250 staining.

Collection of sera. Blood was collected from healthy individuals after receipt of written consent, as

required by the local ethics committee. Next, 10 ml of blood was drawn by venipuncture and immedi-
ately transferred onto ice to avoid the activation of complement and left for 3 h. Blood was then
centrifuged at 7,000 X g for 7 min. Serum was separated and stored at —-80°C until further use.

Preparation of bacteria. S. pneumoniae was inoculated into brain heart infusion broth (Oxoid),

incubated at 37°C overnight, and centrifuged the next day at 3,000 X g for 10 min. The bacterial pellet
was washed three times in PBS and resuspended in 0.5% (vol/vol) formalin in PBS for 3 h at room
temperature. Bacteria were centrifuged after fixation, washed with PBS again, and resuspended in
carbonate coating buffer (35 mM NaHCO,, 15 mM Na,CO; [pH 9.6]).

Complement activation assays. Portions (100 ul) of formalin-fixed S. pneumoniae D39 or E. coli

(ODss, of 0.6), suspended in coating buffer, were added to each well of Nunc Maxisorb microtiter
enzyme-linked immunosorbent assay plates, followed by incubation overnight at 4°C. Then, 100 ul of
mannan (10 ug/ml) was added to the plates as a positive control. To block the residual protein binding
sites, 250 ul of 1% (wt/vol) BSA in TBS buffer (10 mM Tris, 140 mM NaCl [pH 7.4]) was added to each well,
and the plates were left at room temperature for 2 to 3 h. The plates were then washed three times with
wash buffer (TBS with 0.05% Tween 20). Serum was diluted 2-fold in barbital buffered saline (4 mM
barbital, 1 mM MgCl,, 2 mM CaCl,, 145 mM NaCl [pH 7.4]). Serum was not added to each well of the last
row; these wells were used as negative controls. After the serum was added, the plates were incubated
at 37°C for 90 min and washed three times.

To investigate whether C4 is completely inhibited or deposited and rapidly degraded on the bacterial

surface, C4b and C4dg were assayed using chicken anti-human C4, which reacts with human C4b and
iC4b (Agrisera), and mouse anti-human C4dg (Quidel), which recognizes only C4dg. After incubation for
90 min at room temperature, the plates were washed again, and appropriate alkaline phosphatase
(AP)-conjugated secondary antibodies, diluted in TBS, were added to the plates. The plates were then left
for a further 90 min at room temperature. Finally, 100 ul of the colorimetric p-nitrophenyl phosphate
substrate was added to all wells to determine the extent of deposition of different C4 fragments. The

absorbance at 405 nm was then measured using a microtiter plate reader (Bio-Rad).
Similarly, C3b deposition and C4BP binding were also determined by using specific rabbit anti-

human C3 (Dako) and mouse anti-human C4BP (Quidel) as primary antibodies and their respective
AP-conjugated anti-rabbit and anti-mouse as secondary antibodies.

Flow cytometry. Bacteria from stock culture were thawed, washed three times with wash buffer (TBS

with 0.05% Tween 20), and then suspended in barbital buffered saline to a final concentration of 106
CFU/ml. A 10-ul portion of human serum was added to 200 ul of bacterial suspension, followed by
incubation at 37°C for 1 h. The bacteria were washed again and then resuspended in wash buffer
containing primary antibodies targeted against different complement fragments. These antibodies
included mouse anti-human C4dg (Quidel) and mouse anti-human C4BP (Quidel). After incubation for
90 min at room temperature, the bacteria were washed and resuspended in wash buffer containing
fluorescein isothiocyanate-conjugated anti-mouse IgG (Dako). After further incubation, the bacteria were
washed again and fixed using 1% (wt/vol) paraformaldehyde. The fluorescence intensity was measured
by FACS (FACSCalibur; Becton Dickinson).
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