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ABSTRACT The pneumococcal capsular serotype is an important determinant of
complement resistance and invasive disease potential, but other virulence factors
have also been found to contribute. Pneumococcal surface protein C (PspC), a highly
variable virulence protein that binds complement factor H to evade C3 opsonization,
is divided into two subgroups: choline-bound subgroup | and LPxTG-anchored sub-
group Il. The prevalence of different PspC subgroups in invasive pneumococcal dis-
ease (IPD) and functional differences in complement evasion are unknown. The prev-
alence of PspC subgroups in IPD isolates was determined in a collection of 349
sequenced strains of Streptococcus pneumoniae isolated from adult patients. pspC
deletion mutants and isogenic pspC switch mutants were constructed to study dif-
ferences in factor H binding and complement evasion in relation to capsule thick-
ness. Subgroup | pspC was far more prevalent in IPD isolates than subgroup Il pspC.
The presence of capsule was associated with a greater ability of bound factor H to
reduce complement opsonization. Pneumococcal subgroup | PspC bound signifi-
cantly more factor H and showed more effective complement evasion than sub-
group Il PspC in isogenic encapsulated pneumococci. We conclude that variation in
the PspC subgroups, independent of capsule serotypes, affects pneumococcal factor
H binding and its ability to evade complement deposition.
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treptococcus pneumoniae is an important human pathogen that colonizes the upper

respiratory tract. The pathogen is also an important cause of invasive diseases, such
as pneumonia, sepsis, and meningitis. The pneumococcal polysaccharide capsule af-
fects complement resistance and protects against phagocytic killing (1, 2). Epidemio-
logical studies found that particular capsular serotypes are dominant in invasive disease
whereas others are associated with nasopharyngeal carriage (3, 4). Besides the impor-
tant role of the pneumococcal capsule, the genotype also affects complement resis-
tance. Within the same serotype, significant differences in complement C3 deposition
between isolates have been observed, indicating that the genetic background of the
strain also affects complement resistance (5). A recent study suggests that within the
same serotype and clonal complex, genetic differences in virulence genes encoding
pneumococcal surface proteins A and C (PspA and PspC) affect the invasive disease
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potential (6). It is therefore of interest to gain more insight into how genetic variation
in these genes affects complement resistance and contributes to pneumococcal viru-
lence.

The complement system is an essential component of the host defense against S.
pneumoniae (7). Complement activation by one of three pathways—the classical, lectin,
and alternative pathways—Ileads to opsonization of the bacterial surface with the C3
activation products C3b and iC3b. These opsonins mediate phagocytosis mainly
through complement receptors CRT and CR3. Importantly, the alternative pathway
amplifies the initial complement activation (8). C3b deposited on the bacterial surface
is formed into an alternative-pathway C3 convertase cleaving more C3, which enhances
C3b opsonization (9). The importance of the alternative pathway in complement
activation is emphasized by the fact that many pathogens possess mechanisms to
inhibit alternative-pathway activation by binding of the host alternative-pathway in-
hibitor factor H (10-14).

S. pneumoniae binds human factor H by PspC, also referred to as CbpA, SpsA, PbcA,
and Hic (15-19). Factor H binding by PspC is a mechanism to evade complement
deposition. In addition, PspC acts as an adhesion molecule by interacting with the
secretory component of human IgA and the epithelial polymeric immunoglobulin
receptor (plgR) and binding to the laminin receptor on vascular endothelial cells, which
facilitates adhesion and invasion (16, 17, 20-25). In vitro studies using human serum
have demonstrated that factor H binding by S. pneumoniae strains is dependent on the
presence of PspC but that the level of binding is influenced by the capsular serotype
(1, 26).

The pspC gene shows large allelic variation. Eleven different types of pspC have been
identified based on clusters of sequence homology. PspC consists of a C-terminal
repeat region, a proline-rich domain, and N-terminal a-helical domains, also called R1
and R2 (27, 28). A factor H binding region of 121 amino acids (residues 38 to 158),
containing multiple epitopes for factor H binding, has been identified in the N-terminal
region (21). In the C-terminal region, a major difference in anchor sequence has been
identified, dividing pspC into two subgroups: allelic types with a choline binding
domain (classical; subgroup 1) or an LPxTG-anchoring domain (nonclassical; subgroup I1)
(27).

The prevalences and distributions of the different PspC subgroups and types in
invasive disease or carriage isolates have not been characterized thoroughly, although
lannelli et al. demonstrated a predominance of subgroup | PspC (74%) in a collection
of 43 strains containing randomly chosen clinical isolates, standard laboratory strains,
and American Type Culture Collection strains (27). However, it is not known whether
variation in PspC type, independent of capsule differences, affects pneumococcal factor
H binding and its ability to evade complement deposition. Here, we describe a far
greater prevalence of choline-bound subgroup | PspC types than of LPxTG-anchored
subgroup Il PspC types in invasive pneumococcal disease (IPD) isolates. In addition,
using isogenic pspC switch mutants, we demonstrate that subgroup | PspC is more
effective in complement evasion than subgroup Il PspC. These findings indicate that
PspC-specific differences contribute to intraserotype variation in complement resis-
tance.

RESULTS

PspC subgroup | is most prevalent in invasive pneumococcal disease isolates.
Analysis of the 349 invasive disease strains demonstrated that PspC subgroup | was
present in 298 isolates (85.4%) and in an additional 19 isolates (5.4%) that contained
both subgroup | and subgroup Il PspC. Only 22 of the isolates (6.3%) contained
subgroup I, and 10 isolates (2.9%) had no pspC (Table 1). Strains containing two pspC
genes were mainly of serotypes 2, 6A, 6B, 19A, and 19F. Strains containing subgroup I
were mostly serotype 3 with sequence type (ST) 180 (18 out of 22). Within a serotype,
we found large variations in PspC types, whereas some serotypes contained only a
single PspC type. Most sequence types were associated with a specific PspC type,
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TABLE 1 PspC subgroup | is most prevalent in invasive pneumococcal disease isolates?

No. of isolates % of
Subgroup (n = 349) total
PspC subgroup | (choline binding domain) 298 85.4
PspC subgroup Il (LPXTG binding anchor) 22 6.3
PspC subgroups | and Il 19 5.4
No PspC 10 29

aThe prevalences of various PspC subgroups were studied in 349 sequenced S. pneumoniae isolates from IPD
patients in Nijmegen, The Netherlands (49, 50).

though variation in PspC types within sequence types was also observed (see Table S2
in the supplemental material). We observed no association between PspC subgroups
and disease outcomes.

Capsule expression and PspC-mediated factor H binding contribute to com-
plement evasion. Capsular polysaccharide is known to inhibit complement opsoniza-
tion (29). In addition, factor H binding by PspC is influenced by the capsular serotype
(1, 2). We assessed the effect of the pneumococcal capsule on factor H binding to PspC.
We compared factor H binding to the wild type and a pspC deletion (ApspC) mutant in
encapsulated S. pneumoniae strain TIGR4, unencapsulated mutant TIGR4 (TIGR4 Acps),
and unencapsulated strain R6. In all backgrounds, deletion of pspC resulted in signifi-
cantly reduced factor H binding as measured by flow cytometry following incubation
in pooled human sera (Fig. 1A and B), demonstrating that PspC is the main factor H
binding protein. Factor H binding to unencapsulated TIGR4 or R6 was higher than that
to encapsulated TIGR4 (Fig. 1A and B).
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FIG 1 The effect of factor H (FH) binding on complement deposition is dependent on the presence of capsule.
Factor H binding and C3 deposition on the surfaces of encapsulated S. pneumoniae strain TIGR4, unencapsulated
TIGR4 (Acps), and unencapsulated R6 and its pspC deletion mutants (PspC~) were measured by flow cytometry
following incubation of the bacteria for 30 min at 37°C in 10% pooled human serum diluted in HBSS. (A and B)
Factor H binding. (C and D) C3 deposition. MFI, mean fluorescence intensity. The bars represent means and
standard deviations for results obtained from three or four separate experiments. Comparisons between strains
were performed using ANOVA for repeated measurements with a Bonferroni correction for multiple comparisons.

** P < 0.01; ***, P < 0.001; ns, not significant.
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We assessed the effects of pneumococcal capsule and pspC expression on comple-
ment resistance by comparing C3 opsonization of encapsulated TIGR4 and the pspC
deletion mutant and of unencapsulated TIGR4 and R6. Encapsulated TIGR4 showed
significantly reduced C3 opsonization compared to the ApspC mutant (Fig. 1C). To
exclude the possibility that other factors besides binding of factor H affected bacterial
C3 opsonization, we performed this experiment with mouse serum because mouse C3
is able to opsonize the bacterial surface (30) but mouse factor H is not able to bind PspC
(31). With the use of mouse serum, no differences in C3 opsonization between
encapsulated TIGR4 and the ApspC mutant were observed (see Fig. S1 in the supple-
mental material). This demonstrates that for encapsulated TIGR4, factor H binding
contributes to complement evasion by reducing C3 opsonization. Loss of pspC had no
effect on C3 opsonization for unencapsulated TIGR4 and the unencapsulated R6 strain
(Fig. 1D). This indicated that factor H binding to PspC of unencapsulated TIGR4 and R6
did not contribute to complement resistance.

PspC subgroup-specific differences in factor H binding and complement resis-
tance. PspC types 2, 6, 9, and 11 were selected because PspC types 2 and 6 (subgroup
I) have a choline binding domain and PspC types 9 and 11 (subgroup Il) have an LPxTG
binding anchor, and these types are heterogeneous in their factor H binding regions
(Fig. 2A). The four pspC types were cloned into TIGR4, replacing the original pspC gene,
in order to study PspC type-specific differences in complement evasion within the same
genetic background. Quantitative PCR confirmed that the pspC gene expression levels
of the 4 different PspC types within TIGR4 or R6 were equal (see Fig. S2 in the
supplemental material). Due to the large amino acid diversity between the different
PspC types, detection of protein expression by Western blot analysis using polyclonal
mouse serum was not successful.

We found significantly enhanced factor H binding to pneumococci expressing
subgroup | PspC types (2 and 6) compared to subgroup Il PspC types (9 and 11) in the
TIGR4 genetic background (Fig. 2B). Consistently, factor H binding was inversely
correlated with C3 deposition on the bacterial surface, and thus, subgroup | PspC types
2 and 6 showed significantly reduced C3 deposition compared to subgroup Il PspC
types 9 and 11 in the encapsulated mutants (Fig. 2D). This demonstrated that PspC-
specific differences affected factor H binding and complement resistance in encapsu-
lated pneumococci. In an unencapsulated background, no difference in factor H
binding between the various PspC types of subgroups | and Il was found (Fig. 2C). In
addition, no difference in C3 opsonization was found between the subgroup | and
subgroup Il PspC types in the unencapsulated R6 strains (Fig. 2E).

DISCUSSION

In this study, we found that subgroup | PspC types were more prevalent in IPD
isolates than subgroup Il PspC types. Expression of different PspC types in isogenic
encapsulated pneumococci showed that subgroup | PspC types were more effective in
complement evasion than subgroup Il PspC types. In addition, we found that capsule
affects PspC-mediated complement evasion. Previous studies examining the role of
PspC in complement evasion have been performed in encapsulated strains (1, 26).
Different serotypes showed large variation in the effect on complement deposition
upon loss of PspC, even though all serotypes were shown to bind factor H via PspC (26).
In line with this, we found that pneumococcal factor H binding is mainly PspC
dependent, although some residual factor H binding was observed. This may be
explained by factor H binding to Pht family proteins (32) or elongation factor Tu (Tuf),
which was recently found to bind human factor H (33). In this study, we demonstrated
that absence of a capsule within the same genetic background voids the ability of
factor H binding to reduce complement deposition. These findings are in line with
previous studies demonstrating that unencapsulated strains are more sensitive for
complement deposition (2, 29). This might be explained by the fact that the absence
of a capsule enhances antibody binding to subcapsular antigens and increases binding
of complement mediators, such as C-reactive protein, both known to activate the
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FIG 2 PspC subgroup-specific differences affect factor H binding and complement resistance in encapsulated TIGR4, but not in
unencapsulated R6. (A) Schematic representation of pspC type 2, 6, 9, and 11 domains based on the classification by lannelli et al. (27).
(B to E) Factor H binding and C3 deposition on the surface of S. pneumoniae TIGR4 ApspC (white bars) or TIGR4 containing pspC types
2 and 6 of subgroup | (black bars) or pspC types 9 and 11 of subgroup Il (gray bars). Factor H (FH) binding and C3 deposition were
measured by flow cytometry following incubation of the bacteria for 30 min at 37°C in 10% pooled human sera diluted in HBSS. (B and
C) Factor H binding. (D and E) C3 deposition. The bars represent means and standard deviations for results obtained from three separate
experiments. Comparisons between pspC types were performed using ANOVA for repeated measurements with a Bonferroni correction
for multiple comparisons. *, P < 0.05; **, P < 0.01, ***, P < 0.001.

complement classical pathway (2, 34). Enhanced classical-pathway activation may
minimize the effect of alternative-pathway inhibition by factor H binding on overall
complement deposition. This may explain why factor H binding had no effect on
complement C3 deposition for the unencapsulated strains (2, 29).

The current study demonstrates that capsule affects factor H binding and its role in
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complement evasion. Even though encapsulated TIGR4 bound less factor H than
unencapsulated TIGR4, the binding of factor H resulted in reduced complement
deposition, suggesting that complement evasion by factor H binding is mainly impor-
tant in the presence of capsule. This is further supported by the observation that thickly
encapsulated, opaque phase variants are often found in invasive infections, in which
pneumococcal complement evasion is vital for survival (29, 34-36).

Our findings indicate that factor H binding to unencapsulated pneumococci does
not reduce C3 deposition on the bacterial surface. Unencapsulated pneumococci are
rarely seen to cause disease (37) but are found in 4 to 19% of colonizing S. pneumoniae
isolates (38, 39). During nasopharyngeal carriage, other functions of PspC have been
indicated by previous reports showing its importance in adherence (16, 17, 20-23, 40).
In addition, our observation that PspC binding of factor H by unencapsulated strains
had no effect on complement resistance may help in understanding the loss of PspC in
naturally occurring unencapsulated S. pneumoniae strains (41, 42). Other gene products
in the naturally occurring unencapsulated strains, such as the PspC-like protein PspK,
were shown to play a role in colonization and adherence but did not bind factor H
(43-45).

We demonstrated that genetic differences in pspC affect complement resistance.
Previous studies found differences in pneumococcal factor H binding between clinical
isolates (1). However, this could not be attributed to differences in pspC alone, since
other factors, such as the capsule type, also varied (1, 21, 26). In the current study, four
PspC types selected from a cohort with IPD isolates were cloned into an isogenic
background, isolating the effects of PspC type differences on factor H binding and
complement resistance. Remarkably, in the absence of capsule, we found no differ-
ences in factor H binding between strains expressing the various PspC types, even
though the sequences of the previously defined 121-amino-acid-long factor H binding
region varied extensively (21). This indicates that all four PspC types have the same
ability to bind factor H but that PspC in combination with the serotype 4 capsule
resulted in differences in factor H binding. The lengths of the coding sequences vary
between the PspC types, as pspC types 2 and 6 are 2,082 bp and 2,046 bp, respectively,
whereas pspC groups 9 and 11 are 1,458 bp and 1,245 bp, respectively. These differ-
ences in length may explain the observed differences in factor H binding in combina-
tion with capsule. Some clinical isolates contain both PspC types 6 and 9. Our findings
demonstrate that both are able to bind factor H for unencapsulated strains, but in the
presence of capsule, PspC type 6 binds more factor H and decreases C3 deposition on
the bacterial surface to a greater extent than PspC type 9.

Another important difference between the high and low factor H binding PspC
types in our study is the PspC C-terminal domain, as PspC types 2 and 6 (subgroup I)
have a choline binding domain and PspC types 9 and 11 (subgroup Il) have an LPxTG
binding anchor. Interestingly, the IPD isolate cohort described in this paper consists
mainly of PspC types of subgroup |, whereas a much lower percentage of the PspC
types belong to subgroup Il. Analysis of strain collections including carriage and
invasive isolates from the same region and period may help to further dissect the
contribution of PspC subgroups and types to invasive disease potential. Additionally,
more insight into epidemiological differences in PspC type prevalence and their
contributions to invasive disease may have implications for vaccine design, because
PspC is an important vaccine candidate (46-48). Our study demonstrates PspC sub-
group and type distributions in invasive disease analogous to serotype distribution in
invasive disease. No comparative data from a large set of clinical invasive disease
isolates have been published to date, although lannelli et al. demonstrated a predom-
inance of subgroup | PspC (74%) in a collection of 43 strains containing randomly
chosen clinical isolates, standard laboratory strains, and American Type Culture Collec-
tion strains (27). Thus, we cannot exclude the possibility that subgroup | PspC may also
be more prevalent and may provide a selective advantage in mucosal infection and
colonization. From our present study and the available data, we can conclude only that
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subgroup | PspC is more prevalent in invasive disease than subgroup Il PspC, which
correlates with increased complement resistance.

A strength of our study is that we studied various PspC types in an isogenic
background. Others have demonstrated that the capsule type affects factor H binding
to PspC and complement evasion in capsule switch mutants (1). Our findings are
complementary to these data and demonstrate that genetic differences in pspC, using
pspC switch mutants, affect complement resistance in the presence of polysaccharide
capsule. This is in line with a previous pediatric study in which genetic variation in pspC
was suggested to explain differences in invasiveness within the same serotype and
clonal complex (6).

In conclusion, we found a higher prevalence of subgroup | PspC types than subgroup
Il PspC types in IPD isolates. Expression of different PspC types in isogenic encap-
sulated pneumococci showed that subgroup | PspC types are more effective in
complement evasion than subgroup Il PspC types. In addition, we showed that
capsule thickness affects PspC-mediated complement evasion. These findings indi-
cate that PspC type-specific differences contribute to intraserotype variation in
complement resistance.

MATERIALS AND METHODS

Pneumococcal strain collection, sequence typing, and PspC typing. The prevalences of various
pspC types were studied in 349 sequenced S. pneumoniae isolates from IPD patients in Nijmegen, The
Netherlands (2001 to 2011). All the bacteremia isolates were from patients with pneumonia (n = 312),
meningitis (n = 30), endocarditis (n = 4), arthritis (n = 1), peritonitis (n = 1), and sinusitis (n = 1) (49,
50). The median age was 67 years (interquartile range, 53 to 78 years), and the male/female ratio was
0.86. This observational cohort study was approved by the local medical ethics committees of both
participating hospitals. Genome sequences, serotypes, and sequence types were obtained from Cremers
et al. (49). PspC-coding genes were identified from the genome sequences by aligning the 40-amino-acid
conserved N terminus of PspC with the protein-coding sequences of all the genomes using BLASTP (51).
PspC types were determined by aligning the PspC-coding genes with the known PspC gene sequences
(27) using BLASTP, and the BLAST results were manually inspected.

Construction of pspC deletion mutants and isogenic pspC switch mutants. Four different pspC
types were selected from the bacteremia cohort and constructed into an isogenic background. The pspC
types have been described by lannelli et al. (27). Based on this description, we selected two PspC types
with a choline binding anchor and two PspC types with an LPXTG binding anchor in the C-terminal
domain with differences in the N-terminal factor H binding domain. To obtain these PspC types, we
searched our strain collection and found isolates containing pspC genes belonging to the previously
described PspC types. pspC type 2 was obtained from strain PBCN0094 (10050_2#53) and was 100%
identical to the previously described pspC 2.2 (27), also found in TIGR4. pspC types 6 and 9 were both
obtained from strain PBCN0133 (10050_2#83) and were cloned separately into an isogenic background.
pspC type 9 showed 91% identity to the previously described pspC type 9.1, with all differences in the
repeat region, and pspC type 6 showed 100% identity to the previously described pspC type 6.1. pspC
type 11, also known as Hic, was found in strain PBCN0031 (10050_2#18) and showed 97% identity with
the previously described pspC type 11.3. The pspC types found in these strains were cloned into an
encapsulated TIGR4 strain and an unencapsulated R6 strain.

The various pspC types were cloned into the pspC deletion mutants to avoid recombination with
the original pspC gene. Again, a megaprimer PCR product was constructed but contained, besides the
pspC-flanking regions and a spectinomycin cassette, the selected pspC type originating from the
above-mentioned clinical isolates. The spectinomycin cassette and the right flank were PCR amplified
from TIGR4 ApspC containing the spectinomycin resistance cassette. The megaprimer PCR product was
used to transform R6 ApspC (kanamycin resistant). Directed mutants were obtained by selective plating
(using spectinomycin) and were checked for correct integration of the antibiotic resistance cassette and
pspC-type gene by PCR using control primers located inside the genes. A PCR product from the left flank
to the right flank containing the inserted pspC type and the spectinomycin cassette was used to
transform TIGR4 ApspC (kanamycin resistant). Mutants were obtained by selective plating and were
checked for correct integration of the antibiotic resistance cassette and pspC-type gene by PCR using
control primers located inside the genes and sequencing. The primer sequences (obtained from Biolegio,
Nijmegen, The Netherlands) are listed in Table S1 in the supplemental material. Correct integration of the
pspC gene was confirmed by sequencing.

TIGR4 ApspC and R6 ApspC deletion mutants were constructed by allelic replacement of the target
gene with an antibiotic resistance marker as described previously (52).

Bacterial strains and culture conditions. Bacteria were grown on Columbia blood agar plates
(Becton Dickinson) and in Todd-Hewitt broth supplemented with 5 g/liter yeast extract (THY) at 37°C and
5% CO, to an optical density at 620 nm (ODy,,) of 0.2. The number of CFU per milliliter was determined
by plating serial 10-fold dilutions on blood agar plates.

Factor H binding and C3 deposition assay. Wild-type and mutant TIGR4 and R6 strains (1 X 107
CFU) were pelleted in a 96-well plate and resuspended in 10% (vol/vol) pooled normal human sera (GTI
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Diagnostic) or 20% (vol/vol) C57BL/6 mouse serum (Innovative Research) in Hanks balanced salt solution
(HBSS) containing Ca2* and Mg2* to a total volume of 100 ul. The bacterial suspension was incubated
for 30 min at 37°C in 5% CO,. After incubation, the bacteria were washed and labeled with polyclonal
sheep anti-human factor H (Abcam), fluorescein isothiocyanate (FITC)-conjugated goat anti-human C3
(Cappel), or FITC-conjugated goat anti-mouse C3 (Cappel) diluted in phosphate-buffered saline (PBS) plus
2% bovine serum albumin (BSA). After 30 min of incubation, the bacteria were washed and the anti-factor
H antibody was labeled with FITC-donkey anti-sheep IgG antibody (Jackson Immunoresearch). The
bacteria were fixed with 2% paraformaldehyde. Factor H binding and C3 deposition were measured
using an LSR Il flow cytometer (BD Biosciences). The data were analyzed using FlowJo v10.1.

Quantitative-PCR analysis. RNA from overnight-grown strains of TIGR4 and R6 expressing pspC type
2, 6,9, or 11 was extracted using an RNeasy minikit (Qiagen), and DNA was removed with Turbo-DNase
(Ambion). The RNA (1 wg) was reverse transcribed into cDNA using an iScript cDNA synthesis kit
(Bio-Rad). Quantitative PCR was performed using SYBR green chemistry (Bio-Rad) and PspC-specific
primers on a CFX-96 real-time PCR machine (Bio-Rad) (see Table S1 in the supplemental material). GyrA
was used as a reference gene. Quantification cycle (Cq) values and relative expression values were
calculated using CFX Manager software (Bio-Rad).

Statistics. Differences between strains were analyzed using repeated-measures analysis of variance
(ANOVA) with Bonferroni corrections for multiple comparisons. Differences were considered statistically
significant when the P value was <0.05.

SUPPLEMENTAL MATERIAL

Supplemental material for this article may be found at https://doi.org/10.1128/I1Al
.00010-18.

SUPPLEMENTAL FILE 1, PDF file, 0.1 MB.
SUPPLEMENTAL FILE 2, PDF file, 0.1 MB.
SUPPLEMENTAL FILE 3, PDF file, 0.1 MB.
SUPPLEMENTAL FILE 4, PDF file, 0.1 MB.
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