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Abstract
Pneumococcal surface protein (PspA) is a virulence factor expressed by all clinical isolates of
Streptococcus pneumoniae. PspAs are variable in structure and have been grouped into clades and
cross-reacting families based on sequence similarities and immunologic cross-reactivity. At least 98
percent of PspAs are found in PspA families 1 or 2. PspA has been shown to interfere with
complement deposition on pneumococci, thus reducing opsonization and clearance of bacteria by
the host immune system. Prior studies using pooled human sera have shown that PspA interferes
with C3 deposition on a single strain of S. pneumoniae, WU2, and that mouse antibody to PspA can
enhance the deposition of C3 on WU2. The present studies have demonstrated that these previous
findings are representative of most normal human sera and each of 7 different strains of S.
pneumoniae. It was observed that PspAs of PspA families 1 and 2 could inhibit C3 deposition in the
presence of immunoglobulin present in all but 3 of 22 normal human sera. These studies have also
demonstrated that rabbit and human antibody to PspA can enhance the deposition of C3 on
pneumococci expressing either family 1 or 2 PspAs and either capsular types 2, 3, or 11. A vaccine
candidate that can elicit immunity that neutralizes or compensates for S. pneumoniae’s ability to
thwart host immunity would be of value.
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1. Introduction
Streptococcus pneumoniae is a major health concern worldwide, causing pneumonia,
bacteremia, meningitis, and otitis media. Its major disease burden is in children, the elderly,
and patients with HIV and other immunosuppressive conditions [1–3]. Vaccines containing
polysaccharide antigens are commercially available but have some limitations. For example,
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a 23-valent polysaccharide-based vaccine was 75% efficacious against invasive disease in
immunocompetent individuals over 65 years of age [1]. However, children younger than 2
years do not generate good immune responses to these T-cell independent pneumococcal
polysaccharides [2,4]. A 7-valent polysaccharide-protein conjugate vaccine licensed in 1999
has been shown to be immunogenic in young children and highly efficacious against invasive
disease caused by the serotypes covered by the vaccine [4,5]. The fact that protection elicited
by the vaccine is restricted to the serotypes included in these vaccines could be an issue as
there is a large diversity among the capsular polysaccharides produced by S. pneumoniae [6]
and in some countries as many as 66 percent of the childhood strains would not be covered
[7,8]. Additionally, a shift towards prevalence of serotypes not included in the current
commercially available vaccines is a concern [9,10].

Several pneumococcal proteins have been under investigation as potential vaccine candidates
including pneumococcal surface protein A (PspA), which is a virulence factor expressed by
all clinical S. pneumoniae isolates [8,11–13]. It consists of five domains: i) a signal peptide,
ii) an alpha-helical domain, iii) a proline-rich domain believed to span the cell wall, iv) a
choline-binding domain that anchors the protein to the cell surface and v) a short C-terminal
tail [14–16]. The alpha-helical region is variable in length and amino acid sequence, but is very
cross-reactive [17,18]. PspA proteins have been grouped into three families encompassing 6
different clades based on the C-terminal 100 amino acids of the sequence of this region. Family
1 is comprised of clade 1 and 2, and family 2 is comprised of clade 3, 4, and 5, and family 3
only has clade 6. Families were discriminated by having less than 55% sequence identity and
PspA proteins within the same clade have more than 90% sequence identity [14]. PspA families
can also be distinguished with adsorbed polyclonal antisera [12] or by genotyping using family
specific primer pairs [13,14]. S. pneumoniae strains expressing family 1 or 2 PspA proteins
constitute 98 % of clinical isolates whereas strains with family 3 PspA proteins are rarely
identified [8,12,14].

The importance of the innate immune system and in particular the role of the complement
system in host defense against S. pneumoniae infection has been extensively studied in animal
models [19–21]. Activation of the complement system leads to deposition of complement
component C3 fragments on the activating surface [22]. PspA has been shown to interfere with
complement deposition on the pneumococcal surface [23–25]. Sera from mice infected with a
S. pneumoniae capsular type 3 strain expressing family 1 clade 2 PspA protein had higher levels
of circulating C3, than mice infected with a PspA− strain [26]. The role of PspA in protecting
pneumococci from C3-dependent host immunity was shown in the same study where C3-
deficient mice were observed to be as susceptible to infection with the PspA-negative mutant
strain as to infection with its PspA-expressing parent strain.

Active immunization with family 1 PspA proteins, family 2 PspA proteins, or truncated
fragments thereof, elicited protection against lethal pneumococcal sepsis in mice [27–31].
Passive immunization with antibodies to PspA also conferred protection against lethal sepsis
in mice. Using PspA-specific monoclonal antibodies, protective epitopes have been mapped
to the alpha helical region of PspA [30,32]. These findings suggest that the alpha-helical region
could elicit immune responses protective against S. pneumoniae infection independent of
capsule type. Furthermore, PspA was found to be well tolerated and immunogenic in a phase
1 clinical trial where human volunteers were injected with a family 1 clade 2 recombinant PspA
from strain Rx1 [33]. The ability of sera from the PspA/Rx1 immunized subjects to protect
mice from otherwise fatal S. pneumoniae challenge was significantly increased post-
immunization [34].

Prior studies have shown that mouse antibody to clade 2 Rx1 PspA can enhance complement
deposition on WU2 pneumococci expressing clade 2 PspA [21]. This result has provided
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evidence for an attractive explanation of how antibodies to PspA are able to protect against
pneumococcal infection. Although virtually all strains of pneumococci express PspA, it is of
variable structure, and it is not clear that PspA is adequately exposed on the surface of all strains
to permit antibody to PspA to enhance complement deposition.

Except for the passive protection of mice with pre- and post-immune human sera [18], there
is no laboratory surrogate of protection elicited in man by immunization with PspA. In the
passive protection study with human sera, the protective potency of antibody to PspA (as
determined by ELISA) varied more than 4-fold among sera from 5 immunized humans [18].
Other studies with minimally immunized mice have shown that the mice that are protected are
not necessarily those making the highest amounts of antibody [35]. These findings suggest that
all antibodies to PspA are not equally protective, making an ELISA a poor surrogate of
protection. The need for an in vitro surrogate for immunity to PspA is further emphasized by
the fact that efforts to mediate killing of pneumococci by phagocytes in vitro have not been
successful. Using the heparanized whole blood assay used to study antibody-mediated
phagocytic killng of group A streptococci [36], it was possible to show antibody mediated
killing with Ab to capsule, but not with Ab to PspA [37]. Moreover the opsonophagocytosis
and killing assay commonly used to measure functionality of antibody to capsule, does not
detect opsonophagocytosis and killing mediated by antibody to PspA (J Russell and DE Briles,
unpublished).

To determine whether significant complement deposition by antibodies to pneumococci is a
general property of antibody to PspA the present studies have examined 1) antibodies to PspA
produced in rabbits and humans, 2) antibodies to three different PspA clades, and 3) the effects
of antibodies to PspA on the levels of C3 deposited on strains of three capsular types,
collectively expressing 5 PspA clades. These studies have also examined the degree to which
inhibition of complement deposition by PspA on pneumococci can be observed in the presence
of normal immunoglobulins in the serum from 22 different individuals. The information gained
suggests that in vitro complement deposition may be able to be used as an in vitro surrogate
of protective immunity elicited in man by immunization with PspA.

2. Results
2.1. PspA decreased deposition of complement on pneumococci in the presence of
immunoglobulin from most normal human sera

Sera from 22 healthy adults were collected, heat-inactivated, and examined for their ability to
mediate C3 deposition on pneumococci. To reduce sample variation due to potential
differences in human complement proteins in different individuals, baby rabbit complement
was used as an exogenous complement source in this study. S. pneumoniae strains were
incubated with heat-inactivated normal human serum (NHS) followed by incubation with baby
rabbit complement. C3 deposition on the bacteria was quantified by flow cytometric analyses
[34]. A capsular type 3 strain WU2 expressing family 1 clade 2 PspA, strain BR93.1, an
isogenic derivative of WU2 expressing family 2 clade 3 PspA, and strain JY1119, a PspA-
negative mutant of WU2, were used (Table 1). In the absence of heat-inactivated NHS the
background levels of C3 deposition were low on all three strains (left-most column of Fig. 1A,
1B and 1C). By contrast, when pneumococci were incubated with heat-inactivated NHS, the
fraction of JY1119 bacteria positive for C3 varied from sample to sample, ranging from 15%
to over 60% (Fig. 1A). For the majority of serum samples, the complement deposition on strains
WU2 (Fig. 1B) and BR93.1 (Fig. 1C) was lower than on the PspA− strain JY1119 (Fig 1A).
PspA expressed on the pneumococcal surface has previously been shown to inhibit complement
deposition [21]. The results in Figures 1A, 1B, and 1C confirmed that observation and
demonstrated that PspA’s inhibitory effect on complement deposition could be seen in the
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presence of many different normal human sera and what ever pre-existing antibody they
contain.

Complement deposition in the presence of three of the heat-inactivated NHS samples did not
follow the pattern of less C3 on PspA-positive strains WU2 and BR93.1 than on PspA-negative
strain JY1119. The sera from donors 52 and 62 led to similar levels of C3 deposition on BR93.1
as on JY1119 (Fig 1A and 1C), while C3 deposition on WU2 was lower (Fig 1B). Serum from
donor 49 resulted in comparable levels of C3 on both JY1119 and WU2, while less C3 was on
BR93.1 (Fig 1A and 1B). The fact that some sera facilitated much more complement deposition
on PspA expressing pneumococci than did other sera could be explained if the sera differed in
their levels of antibody to PspA or other pneumococcal antigens. The fact that different amounts
of C3 were deposited by some sera on BR93.1 the isogenic mutant of WU2, as on wild type
strain WU2 is probably an indication of differences in the specificity of antibodies to different
PspA proteins in different sera.

To determine whether the amount of C3 deposited on the pneumococcal surface was correlated
to the level of specific antibody to the PspA protein binding its surface, the amount of antibodies
to Rx1 or EF3296 PspA protein in human sera samples were plotted against C3 deposition on
strains WU2 or BR93.1 (Fig 2A and 2B). The results showed that there is positive correlation
between the level of specific antibody to PspA and the amount of C3 deposited on the bacterial
surface, ie. the more antibodies to PspA present in the human serum, the more C3 generated
on the pneumococcal surface.

2.2. Rabbit immune sera against family 1 or 2 PspA facilitated high levels of C3 deposition
To directly investigate the effects that antibodies to PspA might have on complement
deposition, S. pneumoniae strains were incubated with heat-inactivated rabbit sera raised
against the truncated recombinant PspA proteins Rx1, EF3296 and EF5668, representing PspA
clades 2, 3 and 4, respectively, prior to incubation of the bacteria with baby rabbit complement.
Antisera to these three PspA clades were chosen because earlier studies of PspA diversity and
cross-reactivity had indicated that antibodies to these three clades should collectively have a
good chance of reacting with all family 1 and family 2 PspAs [17,38].

When strains WU2 and JY1119 were incubated with baby rabbit complement in the absence
of rabbit anti-sera, minimal background levels of C3 deposition were detected (Fig 3).
Incubation with increasing concentrations of anti-Rx1 serum did not lead to increases in C3
deposition on the PspA-negative strain JY1119. In contrast, incubation of strain WU2,
expressing clade 2 PspA, with the clade 2-specific anti-Rx1 serum led to a strong serum
concentration-dependent increase in surface-bound C3 (Fig 3). With 1% serum, more than 90%
of WU2 were C3 positive. These findings demonstrated that the generation of anti-Rx1
antibodies by immunization with recombinant Rx1 PspA protein was sufficient to mediate high
levels of C3 deposition on WU2.

Studies were also performed to test whether rabbit antibodies elicited to PspAs of clades 2, 3
or 4 mediated complement deposition on a panel of capsule serotype 3 S. pneumoniae strains
expressing PspA proteins of clades 1 through 5 (Table 2). Incubation with each of the antisera
to PspA was able to enhance C3 deposition on pneumococci expressing PspA of the same
family as the immunizing PspA. These data also illustrated within family cross-reactivity of
the antibodies to PspA since the anti-Rx1 (clade 2 PspA) serum facilitated high C3 deposition
on the clade 1 expressing strain 3JY4185-95; and the anti-EF5668 (clade 4 PspA) serum
facilitated high C3 deposition on the clade 5 expressing strain ATCC6303 (Table 2).

Like the antiserum to Rx1, neither the anti-EF3296 PspA nor the anti-EF5668 PspA serum
increased C3 deposition on PspA negative strain JY1119 (data not shown), confirming that the
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deposition of C3 seen on the PspA positive strains was the result of antibody specific for PspA.
The fact that baby rabbit complement alone resulted in very little complement deposition even
on strain JY1119 as compared to immune rabbit serum (Table 2, Fig 3) strongly suggests that
the complement deposition observed in this assay is largely antibody-dependent.

The failure of the immune sera to enhance complement deposition on JY1119 suggests that
these rabbit sera lack naturally occurring antibody that can efficiently activate C3 deposition
onto pneumococci. To further address this question, all strains examined above were incubated
with heat-inactivated 10% pre-immune normal rabbit serum followed by baby rabbit
complement. Less than 10% of bacteria were positive for C3 (data not shown) demonstrating
that non-immune normal rabbit serum does not mediate high levels of complement deposition
on pneumococci.

The S. pneumoniae strains described above were all capsular type 3 strains. To see if antibodies
to PspA could also facilitate C3 deposition on other capsular types, a capsular type 11 strain
BG7941 and a capsular type 2 strain D39 were included in these studies. D39, expressing a
clade 2 PspA, was incubated with rabbit anti-Rx1 serum, while BG7941, expressing a clade 5
PspA, was incubated with anti-EF5668 serum. The presence of antibodies to PspA strongly
increased C3 deposition on both strains demonstrated that heat-inactivated sera contained
antibodies to PspA that could enhance C3 deposition on strains of capsular types other than
type 3 (Table 2). About 60% of the bacteria of the capsular type 11 and 2 strains were positive
for C3 after treatment with 1% dilutions of the indicated antisera to PspA (Table 2).

2.3. Immunization of human subjects with PspA generates antibodies that can increase C3
deposition on S. pneumoniae

In a Phase I clinical trial, human subjects were immunized with recombinant Rx1 PspA protein
[33]. Pre-bleed and post-vaccination sera from 17 Rx1-recipients were examined for their
ability to increase C3 deposition on two S. pneumoniae strains, 3JY4182-95(capsular type 3,
clade 1 PspA) and WU2 (capsular type 3, clade 2 PspA), respectively. C3 deposition on WU2
was substantially higher when the post-immune sera of 13 subjects were compared to the paired
pre-immune sera (Fig. 4A). For subjects 59, 100 and 106 this difference was most pronounced;
very little C3 deposition was detected with the pre-immune sera, but C3 deposition with post-
vaccination sera showed more than a 10-fold increase.

C3 deposition on the clade 1 PspA-expressing strain 3JY4182-95 showed the same trend as
observed for WU2 of higher C3 deposition with sera from subjects vaccinated with
recombinant Rx1 clade 2 PspA protein than with pre-immune sera (Fig 3). Although the total
C3 deposition was a little less than was observed with WU2, the fold increase comparing the
post immune with the pre-immune sera was at least as great as was seen with WU2. .

To investigate the effect of serum concentration on the amount of C3 deposition, pre- and post-
immune sera from three trial participants were used at concentrations of 1%, 5% and 10% (Fig
5). Subjects 90 and 117 were from the group of vaccinated patients and subject 43 was from
the patients that received the alum-only placebo. As the post-immune sera from the vaccinated
participants increased in concentration from 1% to 5%, there was an increase in the proportion
of C3 positive bacteria. Increasing the sera concentration again to 10% further increased in C3
deposition. At each of these three concentrations examined there were more pneumococci with
C3 deposited as compared to the pre-immune sera from the same individuals using the
equivalent concentrations. Sera from placebo subject 43 had background levels of C3
deposition at the 1%, 5% and 10% concentrations from each of the paired sera samples (less
than 8% of the bacteria were C3 positive). These results (Fig. 5) showed that C3 deposition on
pneumococci was serum dose-dependent and also PspA vaccine-dependent.
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3. Discussion
The essential contribution of complement in protection against pneumococcal disease is well
established [39–42]. Opsonization by complement is known to enhance the clearance of
pneumococci from infected animals. Mice treated with cobra venom factor or C3-deficient
mice are more susceptible to pneumococcal infection than mice with an intact immune system
[23,41]. Antibodies against S. pneumoniae play an important role in clearance by enhancing
opsonization [43]. Studies reported here investigated PspA-specific antibody-dependent
deposition of the complement component C3 on S. pneumoniae in vitro. The S. pneumoniae
strains used were all highly resistant to C3 deposition in the absence of antibodies directed
against S. pneumoniae.

These studies used complement from baby rabbits as the complement source since it has very
little if any antibody reactive with pneumococci [44,45]. Prior incubation of bacteria with heat-
inactivated PspA-specific sera generated by immunizing adult rabbits, resulted in an increase
in C3 deposition with increasing concentrations of immune rabbit sera. C3 deposition was
attributed to the presence of PspA-specific antibodies as strain JY1119, the PspA-negative
mutant of strain WU2, had very little rabbit C3 deposited on its surface by pre-treatment with
heat-inactivated immune rabbit sera. There was also a positive correlation between the level
of the clade-specific antibodies to PspA in human serum and the amount of C3 deposited on
pneumococcal strains expressing PspA of the same clade.

One of the strongest findings of the paper was the observation that immunization of human
volunteers with PspA enhanced not only the antibody levels in their sera [11,12,33] and their
ability to protect mice from pneumococcal infection [46], but also their ability to mediate
complement deposition on pneumococci. Antibodies to PspA are cross-reactive [11,12,33] and
cross-protective [29,46,47] within and sometimes between PspA families. In this paper it was
demonstrated that this cross-reactivity within PspA families extends to the biologically
important mediation of C3 deposition on intact pneumococci. Of the 7 different strains used
only two, D39 and BR93.1, expressed a PspA identical to one of the PspAs used to immunize
the patients or rabbits.

The ability of antibody to PspAto mediate deposition of C3 has highlighted a biological
function of antibodies to PspA, which seems likely to be more relevant than the data gained
from ELISA measurements of concentrations of antibodies to PspA. Prior studies with the
immune sera from patients from the same phase I trial demonstrated that the immune sera could
protect mice from otherwise fatal pneumococcal infection [46]. It seems likely that the
protection observed may have been largely through the ability of the elicited antibodies to
enhance complement deposition on pneumococci. The potential importance of C3 deposition
mediated by antibodies to PspA was further emphasized by the observation that the effect was
not restricted to capsular type 3 strains as antibodies to PspA also enhanced C3 deposition on
capsular type 2 and type 11 strains. These were encouraging findings since for PspA to have
utility as a vaccine component it is vital that immunization with PspA proteins elicit protection
against strains expressing non-identical PspA proteins on multiple capsular types. It seems
highly likely that protection elicited by immunization with PspA is dependent primarily on
complement dependent opsonization of pneumococci.

By examining the sera of 22 healthy non-PspA-immunized adults, a better understanding of
the ability of pre-existing anti-pneumococcal antibodies to result in C3 deposition on
pneumococci was gained. The human sera examined were heat-inactivated to destroy their own
complement activity; and baby rabbit complement was used as a uniform complement source
for all sera in all experiments. As very little C3 was deposited in the absence of human sera,
the C3 deposited in these studies was attributable to antibodies against S. pneumoniae present
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in the normal human sera. The variation in the levels of C3 deposition among the 22 normal
sera suggested that the sera differed in their amounts of anti-pneumococcal antibody and
confirmed the expectation that the general adult population has been naturally, and variably,
primed by pneumococci [48–51].

Much higher levels of C3 were deposited by most sera on the PspA− strain JY1119 than on its
isogenic PspA+ strains WU2 or BR93.1. This finding is consistent with earlier studies
demonstrating that PspA can reduce complement deposition on pneumococci [21,23,25]. The
accelerated deposition of baby rabbit C3 on the PspA− pneumococci was only seen in the
presence of normal human serum. This result indicated that this deposition was antibody-
dependent and most likely was occurring through the classical pathway. Our observation is
consistent with our previous study demonstrating that PspA inhibits classical pathway
complement activation [21], and with an earlier report that complement deposited on
pneumococci is via the classical pathway [20]. It is likely that the antibody to PspA acts by
two mechanisms. One is to interfere with PspA’s abilty to block C3 activation. The other
mechanism is to actually bind C1q and activate complement through the classical pathway.

Some exceptions were observed, however. Sera from donors 52 and 62 led to deposition of C3
on strain BR93.1 as efficiently as on strain JY1119, but not on strain WU2. It is probable that
these individuals had antibodies specific to a clade 3 PspA like that expressed by strain BR93.1.
Similarly, donor 49 could have had antibodies that recognized a clade 2 PspA protein like on
strain WU2. The fact that there is positive correlation between the amount of clade-specific
antibodies to PspA and the amount of C3 deposited on pneumococcal strains supported the
above speculations. Unfortunately, insufficient amounts of these sera were available for
detailed studies of the differences in the anti-pneumococcal specificity of the antibodies in the
different sera.

It has been shown that even though protection against pneumococci can clearly be transferred
by antibody to PspA, the levels of antibody to PspA as determined by ELISA do not always
correlate well with the level of protection in immunized animals [18,31,52]. Thus, the
determination of antibody levels in sera by ELISA assay does not appear to necessarily
distinguish the functional antibodies with biological relevance from total level of antibodies
to PspA. To develop vaccines that can protect against pneumococci, it is highly desirable to
have a surrogate in vitro assay for assessing protection that can be used to test for efficacy
against a diversity of pneumococcal strains. To date, the only assay available for antibodies to
PspA, is passive transfer of sera to mice prior to lethal challenge [18]. Considering the strong
evidence for the importance of complement in protection against pneumococcal disease [39–
41], it seems likely that in vitro complement deposition mediated by antibody may be able to
be developed into a surrogate assay for the prediction of protection induced by surface antigens
of pneumococci.

4. Materials and methods
4.1. Bacterial strains

The S. pneumoniae strains that were used in this study are shown in table 1. Strains were grown,
and stored as described previously [25] except for BR93.1 and JY1119, which carry
erythromycin resistance genes and stocks were maintained by growth in broth containing
300ng/ml of erythromycin (Calbiochem, La Jolla, CA).

4.2. C3 deposition assay
S. pneumoniae strains were grown in Todd-Hewitt broth (Becton Dickinson, Sparks, MD) with
0.5% yeast extract (Becton Dickinson, Sparks, MD) to mid logarithmic growth phase at 37°C
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with 5% CO2. Bacteria were harvested by centrifugation for two minutes at 10000 rpm in a
microfuge, washed twice with phosphate buffered saline (PBS) (Invitrogen, Grand Island, NY),
and the bacterial pellet was suspended in PBS to approximately 5 × 109 cfu/ml. 20 μl or 1 ×
108 colony forming units (CFU) of the bacterial suspension were incubated with 80 μl of heat-
inactivated serum for 30 min at 37°C in the presence of 5% CO2. The sera were heat-inactivated
by incubation at 56°C for 30 min to destroy the activity of serum complement and diluted to
pre-determined concentrations. The bacteria were then washed in PBS, the pellet suspended
in 10% baby rabbit complement (Cedarlane, Hornby, Canada) in gelatin-veronal-buffer with
magnesium and calcium (Sigma, St. Louis, MO) and incubated at 37°C in the presence of 5%
CO2 for 30 min. The bacteria were then washed twice with PBS and incubated with fluorescein-
isothiocyanate (FITC) conjugated goat anti-rabbit C3 antibody (1:20 dilution in PBS; ICN,
Costa Mesa, CA) at room temperature for 30 min. To remove unbound fluorescent antibody,
bacteria were washed twice with PBS and finally suspended in 500 μl of 1% paraformaldehyde
(Electron Microscopy Sciences, Washington, PA)). The percentage of FITC-positive bacteria
was determined by flow cytometry (EPICS® XL-MCL, Beckman coulter). Bacteria were
considered positive if the fluorescence was above background, which included 98–100% of
the bacteria examined in absence of fluorescent antibody to complement following a procedure
developed in previous studies [34,53].

4.3. Immune rabbit sera
New Zealand White rabbits were injected intramuscularly with 5 μg/dose of recombinant
PspA-proteins (Sanofi Pasteur) adjuvanted with Complete Freund’s adjuvant. Two subsequent
immunizations were administered with Incomplete Freund’s adjuvant at two weeks intervals.
Each immunization was in a volume of 500 μl. Blood was collected two weeks after the final
immunization. The following truncated PspA proteins were used: Rx1 ( family 1, clade 2),
EF3296 (family 2, clade 3), and EF5668 (family 2, clade 4). Expression and purification of
these proteins was described previously [33].

4.4. Human sera
Human sera were collected for these studies from healthy adult volunteers with unknown
clinical history. The serum IgG levels against Rx1 ( family 1, clade 2) and EF3296 (family 2,
clade 3) PspA proteins were measured by ELISA as described previously [33]. Other human
sera used in these studies were from healthy adult volunteers who were participants of a phase
I clinical trial that examined recombinant truncated Rx1 PspA protein as a potential vaccine
against S. pneumoniae. These sera were all obtained with informed consent. Trial participants
had been immunized on days 0 and 30 with recombinant truncated Rx1 protein adjuvanted
with alum or a placebo [33]. Blood samples were taken at various times after immunization.
The sera used in this study had been collected on day 90 or day 190 after the second
immunization. The immune and pre-immune sera used here were selected from sera from an
original population of 90 immunized and 30 placebo volunteers. As these sera had already been
used for several studies, the sera selection was based solely on whether a sample was still
available.

4.5. Statistical significance
Each FACS run was performed more than three times with essentially the same results. Thus,
only a single run is shown for each experiment to illustrate the findings. In each run at least
10,000 bacteria were observed thus the 95% confidence interval is about 2% of the observed
value. Thus, differences in percent bacteria stained larger than a few percent were highly
significant.
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Figure 1.
Wide-ranging levels of C3 deposition on S. pneumoniae with normal human sera from healthy
adult donors. Sera samples from 22 donors were heat-inactivated and incubated at 10%
concentration with strains (A) JY1119 (PspA-negative), (B) WU2 (PspA clade 2) and (C)
BR93.1 (PspA clade 3) followed by incubation with baby rabbit complement as exogenous
complement source. The control samples were incubated with buffer instead of heat-inactivated
NHS followed by incubation with baby rabbit complement. Quantification of C3 deposition
was measured by flow cytometry.
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Figure 2.
Correlation of antibody level and C3 deposition. Correlations between the level of anti-Rx1
and C3 deposition on WU2 (A), or anti-EF3296 and C3 deposition on BR93.1 (B) were shown.
The nonparametric (Spearman) correlation r-value and two-tailed P value were indicated on
the graphs.
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Figure 3.
C3 deposition on S. pneumoniae was facilitated by rabbit antibodies to PspA in a dose-
dependent manner. Strains WU2 (PspA clade 2) and JY1119 (PspA-negative) were incubated
with different concentrations of heat-inactivated rabbit anti-Rx1 immune serum followed by
incubation with 10% baby rabbit complement. The proportion of bacteria with C3 deposited
was determined by flow cytometry.
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Figure 4. Comparison of C3 deposition on pneumococcal surface with pre- and post-immune
human sera from subjects vaccinated with Rx1 protein
Sera were collected from subjects who received the placebo control or Rx1 protein at
immunization doses of 5 μg/dose, 25 μg/dose and 125 μg/dose. Pneumococcal strains WU2
(PspA clade 2, panel A) and 3JY4182-95 (PspA clade 1, panel B) were incubated with 10%
heat-inactivated pre- or post-vaccination human sera followed by incubation with baby rabbit
complement. The bars showing percent of bacteria labeled with C3 were each based on 10,000
bacteria observed by flow cytometry. Thus, the bars are highly precise and the differences
between pre- and post-sera were statistically significant in every case except for those few
where neither the pre-or post-immune sera mediated complement deposition on more than 15%
of bacteria. Using a Wilcoxon matched-pairs signed-ranks test we did pair-wise comparisons
on complement deposition mediated by pre- and post-immune sera from immunizations with
25 μg and 125 μg recombinant Rx1 PspA. For both panels A and B, the greater complement
deposition by the post-immune sera was significant at P < 0.0001 by the Wilcoxon matched-
pairs signed-rank test.
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Figure 5.
C3 deposition increased with increasing the post-vaccination serum concentration. Different
amounts of pre-bleed and post-vaccination sera from clinical trial subjects 43, 90 and 117 were
incubated with strain WU2. Subject 43 had received a placebo vaccination and subjects 90 and
117 had been vaccinated with 125 μg/dose of Rx1 protein. The proportion of bacteria with C3
deposition was determined by flow cytometry.
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