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Modified Opsonization, Phagocytosis, and Killing Assays To Measure
Potentially Protective Antibodies against Pneumococcal Surface

Protein A
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The standard opsonophagocytosis killing assay (OPKA) for antibodies to pneumococcal capsular polysaccharide was modified
to permit an evaluation of the protection-mediating antibodies to pneumococcal surface protein A (PspA). We found that by
increasing the incubation time with the complement and phagocytes from 45 min to 75 min, the protective activity was readily
detected. In another modification, we used a capsule type 2 target strain that expressed PspA but not pneumococcal surface pro-
tein C (PspC). With these modifications separately or in combination, rabbit antisera to the recombinant a-helical or proline-
rich domains of PspA mediated >50% killing of the target strain. The ability of normal human sera to mediate the killing of
pneumococci in this modified OPKA correlated with their levels of antibodies to PspA and their ability to protect mice against
fatal infection with a type 3 strain. Passive protection of mice against pneumococci and killing in the modified OPKA were lost
when normal human sera were adsorbed with recombinant PspA (rPspA) on Sepharose, thus supporting the potential utility of
the modified OPKA to detect protective antibodies to PspA. In the standard OPKA, monoclonal antibodies to PspA were
strongly protective in the presence of subprotective amounts of anti-capsule. Thus, the currently established high-throughput
OPKA for antibodies to capsule could be modified in one of two ways to permit an evaluation of the opsonic efficacy of antibod-

ies to PspA.

Pneumonia is the leading cause of death in children aged <5
years old worldwide, and Streptococcus pneumoniae s the lead-
ing etiology of serious pneumonia (1). Pneumococcal polysaccha-
ride (PS) conjugate vaccines (PCVs) are highly efficacious against
strains with capsular types that are present in the vaccine (2—4).
PCV7, which covered about 83% of invasive pneumococcal dis-
ease in children when it was introduced, gradually resulted in an
almost complete absence of carriage and disease caused by the
original 7 capsular types (5-7). One of the largest studies reported
that after 7 to 8 years of PCV7 usage, the incidence of invasive
pneumococcal disease was reduced by 77% among children aged
<5 years. However, in the same age group, meningitis and inva-
sive pneumonia were reduced by only 64 and 49%, respectively,
due to an increasing incidence of infections caused by non-PCV7
types (5). Thus, significant pneumococcal disease, especially
pneumonia and meningitis, remained after the introduction of
PCV7 (5, 6, 8-10).

To increase coverage, PCV7 was replaced in the United States
in 2011 by PCV13, which includes 6 additional PSs. Unfortu-
nately, PCV13 covered only 33 to 41% of the invasive pneumo-
coccal disease (IPD) strains (>20 different capsular types) at the
time of its approval (5, 6, 11). Total carriage was largely unaffected
by PCV7, and 78% of carriage strains (30 different capsular types)
in 2008 to 2009 were not covered by PCV13 (12). The diversity of
carriage strains may be a harbinger of future invasive strains if
even a minority of the nonvaccine serotypes develop genotypes
that allow them to fill the niche created by PCV13.

These findings intensified interest in using protection-eliciting
pneumococcal proteins as potential vaccine components (13-16).
One of the leading candidates is pneumococcal surface protein A

October 2013 Volume 20 Number 10

Clinical and Vaccine Immunology p. 1549-1558

(PspA), which reduces complement deposition on pneumococci
(17-19), minimizes complement-dependent phagocytosis (20),
and protects pneumococci from being killed by cationic peptides
released by apolactoferrin (21, 22). It is a surface-accessible (23,
24) choline-binding protein (25) expressed by virtually all pneu-
mococci (26-28). Immunization with the a-helical region of PspA
generates antibodies in humans, monkeys, rabbits, and mice that
passively protect mice against infection (29-32). The proline-rich
(PR) domain of PspA, as well as its nonproline block (NPB), elicits
antibodies that passively protect mice against infection (33). An-
tibodies to PspA enhance complement deposition on pneumo-
cocci (34, 35) and phagocytosis of pneumococci in the presence of
a complement (20). PspA-mediated clearance of pneumococci
from the blood of mice is dependent on the complement (36).
These properties of PspA make it likely that the mediation of
phagocytosis in vivo is a major protective mechanism of immunity
to PspA. Antibodies to PspA also enhance the killing of pneumo-
cocci by the antibacterial peptides of apolactoferrin (22, 37).

To efficiently evaluate PspA and other noncapsular vaccine
components in clinical trials, quantitative in vitro surrogates of
protection are needed to both bridge between phase II (immuno-
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genicity) and phase III (efficacy) trials and provide better insight
into whether expensive phase III trials may succeed.

The ability of PS conjugate vaccines to elicit protection against
pneumococci in humans is estimated using a quantitative op-
sonophagocytosis killing assay (OPKA). This assay, along with the
anti-PS enzyme-linked immunosorbent assay (ELISA), has been
the basis for licensing new PS-protein conjugates. The OPKA uses
baby rabbit complement (BRC) and human HL-60 cells differen-
tiated with dimethylformamide (DMF) to quantitate antibody-
mediated complement-dependent opsonophagocytosis and kill-
ing of pneumococci. The assay quantitates the protective
capacity by determining the dilution of each patient serum
sample that facilitates the killing of 50% of the target bacteria.
This endpoint is important for the OPKA to be quantitative
and reproducible (38-40).

The standard OPKA does not generally detect 50% killing with
antibodies to PspA, even though these antibodies are able to pro-
vide strong passive protection in mice against sepsis (29, 31). Al-
though early attempts to quantitatively measure PspA-mediated
killing of pneumococci by phagocytes were not successful (41),
one report describes a qualitative OPKA for PspA (42).

At this time, the only quantitative surrogate assay available for
measuring human antibodies to PspA is to use serial dilutions of
pre- and postimmune sera to passively protect mice against intra-
venous (i.v.) sepsis (29). This assay works well and can provide
confidence regarding the potential efficacy of vaccine formula-
tions containing PspA. Unfortunately, a well-controlled quantita-
tive study to examine a single pair of pre- and postimmune sera at
the necessary serum dilutions can require 70 or more mice (29)
and cost about $3,000. A more rapid and much less expensive
surrogate assay whose results strongly correlate with those of the
passive protection assay is needed. It is considered likely that an-
tibodies to PspA protect against i.v. sepsis primarily by enhancing
the complement-dependent clearance of pneumococci by phago-
cytes (17,20, 36,43). Ifa standardized quantitative in vitro assay(s)
for opsonic antibodies to PspA could be developed that used the
existing OPKA platform, it would greatly facilitate the progress of
PspA vaccine development, and possibly that of other noncapsu-
lar antigens that elicit opsonic antibodies, into phase II dose-re-
sponse and phase III efficacy trials.

It seemed likely that although the levels of antibody to PspA
that provide passive protection may be opsonic in vivo, they might
not meet the threshold required to mediate 50% killing in the
standard OPKA because of differences in the in vivo and in vitro
environments. We expected that if the target pneumococci lacked
pneumococcal surface protein C (PspC), antibodies to PspA
might become more opsonic in vitro. This hypothesis was based
on earlier observations that PspA and PspC (choline binding pro-
tein A [CbpA]) decrease complement deposition on pneumococci
and that mutants lacking the two molecules are even less virulent
and more susceptible to complement deposition (18, 19, 44-47).
By binding factor H, PspC inhibits the alternative (amplification)
pathway of the complement (48, 49). In this study, we examined the
possibility that increasing the incubation time with complement and
phagocytes would cause antibodies to PspA to more readily mediate
killing in the OPKA. We also examined the possibility that using a
target strain with a mutation in the pspC gene would cause antibodies
to PspA to more readily mediate killing in an OPKA and that the
bacterial killing observed would correlate with passive protection. We
also investigated the possibility that antibodies to PspA might exhibit
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a protective effect in the standard OPKA in the presence of a subpro-
tective level of antibodies to capsule.

MATERIALS AND METHODS

Bacterial strains and antisera to recombinant PspA proteins. The cap-
sule serotype 2 strain S. pneumoniae D39 and S. pneumoniae TRE118, a
pspCmutant of D39 that fails to express PspC (44), were used as the OPKA
target strains. The generation of clade-specific rabbit serum to clade 2
(family 1) PspA was previously described (50). The recombinant proline-
rich domain from S. pneumoniae strain AC94 (capsule type 9L, PspA
family 1, clade 1) (33, 51) was used to prepare a rabbit antiserum to the
PspA proline-rich domain (50). This proline-rich domain (PR+NBP)
contains a nonproline block (NPB) that is largely invariant and was shown
to contribute to the ability of the proline-rich domain to elicit protective
immunity in mice (33). The expression and isolation of the PR+NPB
have been previously described (33).

ELISA to detect Ab to PspA and PS. Serum IgG antibody levels to
PspA and capsular type 3 PSs were determined by ELISA (32, 52). Anti-
body levels to type 2 capsular PSs were determined by antibody binding to
type 2 PS-coated latex beads compared with pneumococcal ELISA stan-
dard 89SF (modified from reference 53).

Human serum used in these studies. Human blood serum pool 22
was made from two outdated blood plasma samples obtained from a
blood bank and defibrinated using calcium and thromboplastin. Al-
though the immunization history is unknown, this pool contains opsonic
antibodies to all capsular types against which it was tested (38), including
capsular type 2 (Fig. 1A). Normal human serum (J3) was obtained from a
41-year-old female volunteer who had several years of recent exposure to
toddlers. This serum contained 83 ug/ml of antibodies that are reactive
with family 2 PspA, <20 ng/ml antibodies to type 2 capsular PS, and 2.27
pg/ml of antibodies reactive with type 3 PS (54). Additional human serum
samples were obtained from 19 volunteers (23 to 54 years of age) who also
had not been immunized with any pneumococcal vaccine.

OPKA-1A. The OPKA-1A (Table 1) is a modification of the multi-
plexed opsonophagocytic killing assay (MOPA) used in the Nahm labo-
ratory, which has been multiplexed to simultaneously detect protection
by antibodies to four different capsular types in a single reaction (38, 39).
In this assay, eight 3-fold dilutions are tested to determine the 50% killing
endpoint. In this study, only one target bacterium was used in each exper-
iment, and the CFU were counted by automation as previously described
(38, 39). The OPKA-1A was used in the comparison studies shown in Fig.
1 and Table 2.

OPKA-2A. The OPKA-2A (Table 1) isa modification of the OPKA-1A
and was used in the experiments described in Fig. 2 to 5. Its primary
variation from OPKA-1A is that OPKA-2A was run with fewer different
serial dilutions of serum, and the analysis of the data was focused on the
percentage of CFU killed at each dilution rather than the dilution needed
to obtain 50% killing. Briefly, 2,000 pneumococci were suspended in 80 pl
of Hanks balanced salt solution (Invitrogen, Life Technologies, Grand
Island, NY) with 1% gelatin (HBSS+G) and opsonized by the addition of
antibody dilutions in 9 ul of HBSS+G for 30 min at room temperature
and with shaking at 700 rpm. Ten microliters of undiluted BRC (Pel-
Freez, Rogers, AR) was added to the mixture along with 40 pl of HBSS
containing 400,000 HL-60 cells (200:1 phagocyte-to-bacterium ratio) that
had been stimulated for 5 to 6 days with dimethylformamide (DMF) in
HBSS+G containing 5% heat-inactivated (30 min, 56°C) fetal bovine
serum (FBS) (FetalClone I; HyClone, Logan, UT). The resultant mixture
was incubated for 45 min at 37°C in 5% CO, with shaking at 700 rpm. The
reaction mixture was then cooled to 0°C for 20 min to stop phagocyte
activity, serially diluted 1:3, and plated to determine the number of CFU
per 25 pl. Each sample was run in triplicate. The control wells contained
immune serum and HL-60 cells but used heat-inactivated (56°C for 30
min) BRC. These wells provided a control for any bacterial growth during
the incubation steps. The average CFU per 25 pl from samples with active
BRC was divided by the average CFU per 25 pl from reactions with heat-
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FIG 1 Comparison of killing of wild-type S. pneumoniae D39 (A) and its pspC mutant TRE118 (B) in OPKA-1A. The sample dilutions start at 1:4 and extend
through 3-fold dilutions to 1:8,748. The solid horizontal line in each panel represents 100% survival of the bacteria. The dashed horizontal line in each panel
represents 50% killing. O, human pool 22 (containing Abs to type 2 PS); A, rabbit antisera to family 1 PspA; A, rabbit antisera to family 2 PspA. The antiserum
to family 2 was adsorbed with family 1 PspA to make it relatively specific for family 2 (46). The target strains express family 1 PspA.

inactivated BRC to determine the percentage of CFU that survived. The
percentage of bacteria killed was determined by subtracting the percent

in triplicate except for the data shown in Fig. 4B, for which the assay was
run in sextuplicate.

that survived from 100%. In the OPKA-1B, either D39 or TRE118 was
used as the target bacterial strain, as indicated. This assay was always run

TABLE 1 OPKA protocols used in this study

OPKA-1B and OPKA-2B. The OPKA-1B and OPKA-2B (Table 1) are
modifications of the OPKA-1A and OPKA-2A, respectively. Incubations

Colony No. of 3-fold
OPKA enumeration serum
type?  Type of assay method dilutions tested ~ Assay buffer ~ E/T®  Opsonization® Phagocytosis? Reference
1A Endpoint dilution Automated 8 HBSS + 0.1% 400:1 (Test serum + target (12.5% BRC + HL-60) X Modified from
killing 50% of counter gelatin + bacteria) X 30 45 min, 37°C, 5% CO, Burton and
target bacteria 5% FBS min, RT with with shaking Nahm (38)
shaking
1B Endpoint dilution ~ Automated 8 HBSS + 0.1% 400:1 (Test serum + target 12.5% BRC X 30 min, This study
killing 50% of counter gelatin + bacteria) X 30 37°C, 5% CO, with
target bacteria 5% FBS min, RT with shaking; HL-60, X 45
shaking min, 37°C, 5% CO,
with shaking
1C Endpoint dilution Automated 8 HBSS + 0.1% 400:1 (Test serum + target (12.5% BRC + HL-60) X  This study
killing 50% of counter gelatin + bacteria) X 30 75 min, 37°C, 5% CO,
target bacteria 5% FBS min, RT with with shaking
shaking
2A % killing of bacteria Manual 14 HBSS + 0.1% 200:1 (Test serum + target (7% BRC + HL-60) X 45 This study
at indicated gelatin + bacteria) X 30 min, 37°C, 5% CO,
serum dilutions 5% FBS min, 37°C, 5% with shaking
CO, with shaking
2B % killing of bacteria Manual 1-4 HBSS + 0.1% 200:1 (Test serum + target 10% BRC X 30 min, This study
at indicated gelatin + bacteria) X 30 37°C, 5% CO, with
serum dilutions 5% FBS min, 37°C, 5% shaking; HL-60, X 45

CO, with shaking

min, 37°C, 5% CO,
with shaking

“ The times of incubation with BRC and HL-60 cells are indicated. In OPKA-1B and OPKA-2B, bacteria are incubated with BRC and then incubated with HL-60 cells for the

indicated time periods. In assays OPKA-1A and OPKA-1B, exactly the same total amount of BRC was used, but since the aliquot of phagocytes was present when the BRC was
added in OPKA-1A4, its concentration is less than in OPKA-1B, where the phagocytes were added after the initial incubation with BRC. OPKA-1B and OPKA-1C contain the

indicated modifications of OPKA-1A, and OPKA-2B contains the indicated modifications of OPKA-2A.
b E/T is the ratio of HL-60 cells to target bacteria.
“RT, room temperature.
4 The concentrations of BRC used in the different assay conditions were tested to ensure functional complement activity at the concentrations used.
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TABLE 2 Sensitivity of OPKA-1A, OPKA-2A, and OPKA-3 methods for the detection of antibody-dependent killing

Target S, OPKA titers
OPKA pneumoniae Pool Anti-clade Anti-PR

Expt variant strain Phagocytosis assay incubation conditions (°C, % CO,, time)* 220 2 PspA© domain® NRS?
A OPKA-1B°¢ TRE118 BRC (37°C, 5% CO,, 30 min); HL-60 (37°C, 5% CO,, 45 min) 1,962 352 133 <4
A OPKA-1¢f TRE118 BRC + HL-60 (37°C, 5% CO,, 75 min) 2,621 1,054 249 <4

B OPKA-1A# D39 BRC + HL-60 (37°C, 5% CO,, 45 min) 720 8 41 NT”
B OPKA-1A TRE118 BRC + HL-60 (37°C, 5% CO,, 45 min) 2,261 322 198 NT

B OPKA-1C D39 BRC + HL-60 (37°C, 5% CO,, 75 min) 836 106 64 NT

B OPKA-1C TRE118 BRC + HL-60 (37°C, 5% CO,, 75 min) 2,785 1,542 405 NT

“In experiments A and B, the critical differences in assay conditions are incubation times and whether the BRC is incubated alone with the bacteria prior to addition of HL-60 cells
(OPKA-1B) or if BRC and HL-60 cells are both added to the bacteria prior to a single incubation period.

b Pool 22 (38) is a pool of normal human serum that contains antibodies to most capsular polysaccharides, including capsular type 2.

¢ Rabbit antisera to the a-helical regions of clade 2 (50) PspA and to a proline-rich (PR) domain of PspA, including the nonproline block (33).

4 NRS, nonimmune normal rabbit serum.

¢ In OPKA-2B, the opsonized target cells are incubated first with BRC for 30 min and then HL-60 cells are added and incubated for another 45 min.
fOPKA-2C is a modification of the OPKA-2A, where the incubation time with complement and HL-60 cells was extended from 45 to 75 min.
¢ Standard UAB OPKA, where the opsonized target cells are incubated with BRC and HL-60 cells for 45 min.

"'NT, not tested.

of opsonized bacteria with BRC and phagocytes were separated into two
incubations. The first (30-min incubation) was after the addition of the
BRC to the opsonized bacteria, and the second (45-min incubation) fol-
lowed the subsequent addition of HL-60 cells. As with OPKA-1A and
OPKA-2A, all incubations with BRC and phagocytes were carried out at
37°C in 5% CO, with shaking at 700 rpm (Table 1). The target bacterial
strain used was either D39 or TRE118, as indicated in the descriptions of
individual experiments in Results.

OPKA-1C. The OPKA-1C (Table 1) was identical to the OPKA-1A
except that the combined incubation of the antibody-coated bacteria with
BRC and HL-60 cells lasted for 75 min rather than 45 min. The OPKA-1C
target bacterial strain used was D39 or TRE118.

Passive protection against pneumococcal infection. For passive pro-
tection studies, CBA/CaHN-Btk*/] (CBA/N) mice were injected intra-
peritoneally with 100 pl of a 1:10 lactated Ringer’s solution or 100 wl of
1:10 normal human serum sample from unimmunized volunteers diluted
in lactated Ringer’s 1 h before intravenous (i.v.) challenge with 500 CFU of
capsular serotype 3 S. pneumoniae strain A66.1 (PspA family 1) (29, 55) or
capsular serotype 6A S. pneumoniae strain BG7322 (PspA family 1) (29).
Although originally reported as a 6B (29), a recent retyping of BG7322
using monoclonal antibodies (53) showed it to be a 6A. These two pneu-
mococcal strains have PspAs that are from PspA family 1 and have been
used in published passive protection models (29). The mice were moni-
tored for 21 days. Mice that became moribund (unresponsive to touch or
with a surface temperature of =25°C) were scored as moribund. At the
end of 21 days, the surviving mice were sacrificed and recorded as having
survived >21 days. The surviving mice and moribund mice were eutha-
nized with CO, narcosis and then cervical dislocation. All animal proto-
cols were conducted in accordance with Association for Assessment and
Accreditation of Laboratory Animal Care (AAALAC) guidelines approved
by the University of Alabama at Birmingham (UAB) Institutional Animal
Care and Use Committee (IACUC).

Adsorption of human and rabbit sera to remove protective antibod-
ies. Activated Sepharose beads were coated with recombinant PspA (rPspA)
of Rx1 by a published procedure (56). A column made from these beads and
a control column to which bovine serum albumin (BSA) was conjugated to
the Sepharose beads were used to adsorb human serum samples.

Examination of synergy between monoclonal antibodies to PspA
and type 3 PS. Some experiments used OKPA-IA assay conditions,
monoclonal antibodies (MAbs) to PspA, and amounts of MAD to type 3
capsule that were too low to give significant killing so that it would be
possible to see if synergy existed between MAbs to PspA and MAbs to type
3 capsule. The MAbs used were XiR278 (specific for PspA family 1 of
strain D39 [31]), Hyp3M6 (specific for capsular type 3 PS [53]), and
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Hyp6BGS8 (specific for type 6B PS [57]). The anti-type 3 MAbs were tested
alone or in conjunction with MAb Hyp6BG8 or MAD XiR278. The target
strain in these assays was capsular serotype 3 strain S. pneumoniae OREP3,
an optochin-resistant variant of S. pneumoniae strain Wu2 (38).
Statistics. The statistical tests used in each study are indicated in either
the figure legends or the text. To compare the times to death for mice and,
in some cases, killing in the OPKA, the Mann-Whitney two-sample rank
test was used. For comparisons of the OPKA percent killing data, the
Student ¢ test was used. To examine the correlations between antibodies to
PspA and passive protection or comparisons of the OPKA and passive
protection, a parametric Pearson’s linear regression correlation was used.

RESULTS

Antibodies to PspA support the killing of PspC™ pneumococci
in a modified OPKA. Using the OPKA-1A protocol, we observed
>50% killing with human serum pool 22 (which contains Abs to
type 2 PS) at dilutions of 1:4 and 1:12 but only 37% killing with the
highest test concentration of the rabbit anti-PspA family 1 serum
(1:4) (Fig. 1A). In contrast, when TRE118 (the pspC mutant of
type 2 strain D39) was used as the target strain, a 1:4 dilution of
rabbit antiserum to PspA gave 67% killing, and a 1:12 dilution
gave 50% killing (Fig. 1B). This rabbit antiserum to PspA lacked a
detectable Ab response to type 2 PS. Thus, the use of TRE118 as the
target strain provided a significant improvement in the assay for
detecting opsonic antibodies to PspA and permitted protective
levels of antibodies to be expressed as the dilution, which killed
50% of the target strain. Most of the OPKA studies described in
this paper used target strain TRE118. Exceptions are shown in the
results depicted in Table 2, Fig. 1A, and Fig. 6.

Longer total time of incubation increased assay sensitivity of
protection mediated by antibodies to PspA. This experiment
compared the killing of TRE118 in assay protocols the OPKA-2A
and OPKA-2B. In the OPKA-2A, the target bacteria are incubated
with antibodies for 30 min followed by incubation with BRC and
phagocytes for 45 min prior to plating to determine the CFU
count (38, 39). In the OPKA-2B, the antibody-coated bacteria
were incubated for 30 min after the addition of BRC and then were
incubated for 45 additional min after the addition of HL-60 cells.
We examined a rabbit antiserum to PspA family 1, which detects
the a-helical domain of PspA (Fig. 2A), a rabbit antiserum to the
proline-rich domain of PspA (Fig. 2B), and serum from nonim-
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OPKA-2A and OPKA-2B. A human serum sample J3 from a nonimmunized adult (C) was diluted 1:30, 1:100, and 1:300 and tested in OPKA-2A and OPKA-2B.
In each panel, the percentages of the target bacteria killed in OPKA-2A are shown in black; the results for OPKA-2B are shown in red. The greater killing in
OPKA-2B than in OPKA-2A was statistically significant at P values 0f 0.0009, 0.0004, and 0.035 for panels A, B, and C, respectively. The means and standard errors
are shown for each data set. To calculate statistical significance between the treatments with each serum, we first ranked all 6 data points (three from the OPKA-2A
and three from the OPKA-2B) at each dilution. Next (A and B), the ranked data points all for all three dilutions were grouped into two groups of 9 according
to assay type. Next, the 9 data points for OPKA-2A were compared with the 9 for OPKA-2B by the Mann-Whitney two-sample rank test. With the human
serum (C), the highest dilution showed no killing with either treatment. For this serum, only data from the 1:30 and 1:100 dilutions were used for

statistical analysis.

munized human J3, which appeared to lack Abs to the type 2 PS of
the target strain but contained antibodies to PspA. Figure 2 shows
that with each of these three sera, higher percentages of killing
were observed with the sequential incubations with BRC and
HL-60 phagocytes. The percentage of bacteria killed was approx-
imately doubled with the sequential incubation technique (P val-
ues, 0.0004 to 0.035), and the sensitivities of the assays (based on
the amount of each serum required for 50% killing) were in-
creased by approximately 10-fold. Ata 1:90 dilution, all three sera
showed =50% killing in the OPKA-2B, compared to 20 to 30%
killing in the OPKA-2A.

Passive protection of mice by human sera correlated with the
level of antibodies to PspA. It is well established that most normal
children >2 years of age and normal adults have readily detectable
levels of antibodies to PspA in their blood serum (58-60). Normal
human serum samples from 19 adult volunteers who were not
previously immunized with any pneumococcal vaccine were eval-
uated for their ability to passively protect mice against i.v. chal-
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lenge with the serotype 3 pneumococcal strain A66.1 expressing
family 1 PspA. The ability of these human serum samples to pas-
sively protect CBA/N mice was determined by giving the serum
intraperitoneally 1 h prior to i.v. injection of live A66.1. This pro-
tocol has been previously shown to provide a robust passive pro-
tection assay for evaluating human antibodies to family 1 PspA
(29). The protection of mice correlated with the amount of IgG
serum antibodies to PspA as determined by ELISA (r = 0.85, P =
0.0007) but not with the negligible levels of serum antibodies to
the type 3 capsular PS (r = 0.39, P = 0.85) (Fig. 3). It is well
established that anti-type 3 antibodies can passively protect mice
from infection (41, 61). Thus, the lack of a correlation between the
level of anti-type 3 antibodies and protection was probably be-
cause of the virtual absence (Fig. 3) of antibodies to the type 3 PS
in most of these serum samples.

These same human serum samples were also used to passively
protect mice from fatal i.v. sepsis with strain BG7322 (type 6A PS,
PspA family 1). As with the type 3 challenge strain, a statistically
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FIG 3 Analysis of 19 normal human serum samples to look for correlations
between levels of antibody to PspA or capsule (y axis) and the ability of the sera
to protect mice from fatal pneumococcal infection with capsular serotype 3
strain A66.1 (x axis). The correlation between IgG antibody levels to PspA and
passive protection was highly significant by Pearson’s linear regression corre-
lation (r = 0.71, P = 0.0007). However, there was no correlation between IgG
antibody levels to type 3 capsule and passive protection (r = 0.39, P = 0.11).
Seven of these sera (open symbols) were also evaluated in the experiment
shown in Fig. 4B.

significant correlation was observed between the anti-family 1
PspA levels in these serum samples and the time to death (r = 0.67,
P = 0.0016; data not shown).

Killing of pspC mutant TRE118 in OPKA-2B correlates with
the levels of antibodies to PspA in passive protection of mice by
human serum. We next examined two of the 19 human serum
samples, one that provided strong protection when given passively
to mice and one that was not able to passively protect mice. These
two serum samples were examined in the OPKA-2B at dilutions of
1:10, 1:30, 1:90, and 1:300 against the target strain TRE118. The
highly protective serum demonstrated better killing in the
OPKA-2B than the nonprotective serum at the 1:30 and 1:90 di-
lutions. At both dilutions, the differences were statistically signif-
icant (P < 0.001) (Fig. 4A), but the difference was the largest at the
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FIG 5 Adsorption of normal human serum with rPspA Sepharose removes its
antipneumococcal activity in OPKA-2B against TRE118 target strains and in
passive protection against fatal infection. The normal human serum sample J3,
also depicted in Fig. 2C, was adsorbed with rPspA Sepharose 4B. The adsorp-
tion also resulted in a dilution that reduced the serum concentration to 61% of
its original concentration. Correcting for this dilution, the adsorption re-
moved 97.3% of the antibodies to PspA and none of the IgG antibodies to type
3 PS (data not shown). A mock adsorption with BSA-conjugated Sepharose 4B
resulted in the same dilution but did not remove Abs to PspA (data not
shown). Shown is the mean percent killing and standard error of TRE118 in
the OPKA-2B for the no-serum control (Ringer’s diluent), the mock-adsorbed
serum, and the PspA-adsorbed serum in the bar graphs. A passive protection
study was also conducted with Ringer’s lactate, mock-adsorbed serum, and
PspA-adsorbed serum using 5 mice per group. Each mouse was given 100 pl of
a 1:10 dilution of the indicated serum intraperitoneally (i.p.) 1 h prior to i.v.
injection of CBA/N mice with 500 CFU of strain A66.1 type 3 S. pneumoniae.
The time to moribund is depicted for each mouse as individual data points.
The study was terminated at 510 h postchallenge, and all surviving mice are
plotted at 510 h. The postadsorption sera showed significantly (*) less killing in
the modified OPKA (P = 0.019) and in passive protection (P = 0.02) than did
the serum adsorbed with BSA Sepharose.

1:90 dilution. The protective serum resulted in 87% killing,
whereas the nonprotective serum resulted in only 14.6% killing.
Two other human serum samples, which were highly protective in
mice, were also examined in the OPKA-2B. Each showed the
greatest differences versus the nonprotective serum at the 1:90
dilution (data not shown).
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FIG 4 Correlation of killing activity in the OPKA-2B against the TRE118 target strain with passive protection against type 3 infection. (A) A human serum sample
selected from the 19 examined in Fig. 3 that was highly protective in mice and a poorly protective human serum sample were examined in the OPKA-2B (at 6
replicates per data point) for their ability to kill strain TRE118. The poorly protective serum showed less killing of TRE118 at all dilutions than the highly
protective serum. At 1:30 and 1:90, the two sera differed at a P value of <0.0001 by Student’s ¢ test. (B) Seven serum samples were selected from the 19 sera in Fig.
3 (open symbols) that covered the range of activity in the passive protection and anti-PspA assays. All 7 sera were tested at a 1:90 dilution in the OPKA-2B against
strain TRE118, with 6 replicates per data point; the mean percentage of OPKA killing is shown. The means and standard errors for each data set are shown. The
mean percentage of TRE118 pneumococci killed at a 1:90 dilution showed a significant correlation with passive protection (r = 0.85, P = 0.024) by Pearson’s

linear regression correlation.
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We next used the OPKA-2B to examine 7 serum samples (Fig.
3, open squares) from the original 19 that represented the overall
diversity of the 19 samples in terms of passive protection in mice
and antibody levels to PspA. The ability of these 7 serum samples
to kill TRE118 (a pspC mutant of D39) pneumococci at a 1:90
dilution in the OPKA-2B had a statistically significant correlation
(r = 0.85, P = 0.0238) with the ability of the same samples to
passively protect mice from type 3 pneumococci expressing clade
2, family 1 PspA (Fig. 4B). For the same 7 samples, the association
of the percentkilling in the OPKA-2B with antibody levels to PspA
was almost significant (r = 0.75, P = 0.05; data not shown).

Protective human serum lost its ability to protect mice and
mediate killing in the OPKA-2B when its antibodies to PspA
were adsorbed. The normal human serum J3, which mediated
strong killing activity in the OPKA-2B against strain TRE118 (Fig.
2C), was adsorbed with PspA-coated Sepharose beads to remove
antibodies to PspA. Before adsorption, this serum contained 84
pg/ml of IgG antibodies to PspA. After adsorption, 97.3% of this
antibody was removed compared to the control adsorption with
BSA-conjugated Sepharose beads. The ability of this serum to me-
diate passive protection of mice against type 3 challenge and kill-
ing of TRE118 in the OPKA-2B were also largely removed (Fig. 5).
This serum contained <20 ng/ml of antibodies to type 2 capsular
PSand 2.3 pg/ml of anti-type 3 capsular PS. Since only 100 pl of a
1:10 dilution of the adsorbed serum was injected into the mice, the
amount of passive antibodies to type 3 PS/ml in the recipient’s
serum would have been about 15 ng/ml, well below the 350 ng/ml
of antibody to PS shown to be required for protection against
pneumococci in children (62). These data support the conclusion
that the antibodies to PspA in this serum were required for the
serum’s activity in the modified OPKA and for the passive protec-
tion of mice.

Further refinement of the modified OPKA. After the above
studies were completed, we conducted additional studies with
some of these sera in an effort to both improve and simplify the
assay (Table 2). These studies were conducted using a 50% killing
endpoint and compared the results obtained using the OPKA-1A,
OPKA-1B, and OPKA-1C. The latter two assays used longer incu-
bation times than did the OPKA-1A (Table 1). The most impor-
tant result from this group of studies was that incubating the an-
tibody-opsonized TRE118 bacteria simultaneously with BRC and
phagocytes for 75 min (OPKA-1C) rather than separate 30- and
45-min incubations after the addition of BRC and HL-60 cells,
respectively (OPKA-1B), yielded a 2- to 3-fold increase in the kill-
ing titer for antibodies to the a-helical and proline-rich domains
of PspA (Table 2, experiment A). Thus, the killing by OPKA-1B
that is mediated by antibodies to PspA (Fig. 2, 4, and 5) was prob-
ably an underestimation of the potential for antibodies to PspA to
mediate the killing of pneumococci in the modified OPKA. The
75-min versus the 30- plus 45-min incubations resulted in only
about 30% greater killing by antibodies to capsule. The failure of
nonimmune rabbit sera to mediate killing in OPKA opsonic ac-
tivity with nonimmune rabbit serum (Table 2, experiment A) fur-
ther supported the conclusion that the protection seen with the
two rabbit antisera was dependent on their antibodies to PspA.

In the studies in experiment B (Table 2), BRC and phagocytes
were always mixed together prior to incubation with the antibody-
opsonized bacteria at 37°C. The results from the incubations of
antibody-coated D39 or TRE118 for 45 and 75 min with a mixture
of BRC and phagocytes were compared. Regardless of the time of
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FIG 6 Synergy between MADs to capsule and MAbs to PspA in the standard
UAB OPKA. For this study, the Hyp3M6 MADb to type 3 PS was purposefully
used at a concentration that only weakly mediated killing of the type 3 target
strain (@). The anti-PspA MAb XiR278 was used as an ascites fluid without
prior dilution. When XiR278 was used by itself, it mediated no (<5%) mea-
surable killing at any dilution (data not shown). Red line, the result when
XiR278 is mixed with the anti-type 3 MAb. Open symbols, the results when the
anti-type 3 MAb was mixed with an anti-type 6B MADb, which was anticipated
not to react with the type 3 PS target strain.

incubation or source of antibody, a severalfold-higher killing titer
of TRE118 than D39 was observed (Table 2, experiment B) using
protocol OPKA-1C than OPKA-1A. It was also observed, how-
ever, that the killing titers for antibodies to the a-helical and pro-
line-rich domains were 2- to 5-fold higher when the incubation
time was increased from 45 to 75 min. In contrast, the killing titer
of the anti-capsular antibody (pool 22) was only slightly increased
(Table 2, experiment B). Thus, the increase in killing titer resulting
from the use of a pspC mutant target strain affected the titers with
both antibodies to PspA and antibodies to capsule, whereas the
increase in 50% killing titer due to increased incubation was quite
specific for antibodies to PspA but not antibodies to capsule. In
summary, using optimal conditions (TRE118 target strain and
75-min incubation with BRC and phagocytes) in experiments A
and B, the OPKA titer of the antiserum to a-helical PspA ranged
from 1,000 to 1,500, and the titer of the antiserum to the proline-
rich domain ranged from 250 to 400 (Table 2). However, by in-
creasing the incubation time, it was possible to detect 50% killing
of wild-type D39 at reciprocal dilutions of 106 and 64, respec-
tively, for the rabbit antisera to the a-helical and proline-rich do-
mains of PspA, respectively.

Synergy between MAbs to PspA and MAbs to type 3 PS. We
also investigated the possibility that an in vitro assay to detect
potentially protective antibodies to PspA might also be developed
by using OPKA-1A, the standard UAB OPKA, in the presence of
levels of anti-type 3 MAD that are too low to elicit protection on
their own. As anticipated from the data with immune sera to PspA
in Fig. 1, we observed that MADb XiR278 to PspA was unable to
mediate significant levels of killing in the standard OPKA-1A even
when undiluted XiR278 ascites fluid was used (data not shown).
MAD to type 3 capsular PS was mixed 1:1 with MADb XiR278, and
the mixture was diluted out in the OPKA-1A format using a cap-
sular type 3 target (whose PspA is recognized by XiR278). The
mixture (Fig. 6, red line) gave much more than 50% killing at a
dilution of 1:900, while the same dilution of the anti-type 3 MAb
by itself showed no killing (black line). Also depicted in Fig. 6 is a
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control experiment, showing that mixing an anti-type 6B MAb
with the anti-type 3 MAD failed to result in synergistic killing of
the type 3 target strain.

DISCUSSION

With some modification, the standard OPKA may be used to
quantitatively evaluate the protective efficacy of antibodies gener-
ated to PspA. Rabbit sera generated by immunization with rPspA
fragments of the two major immunogenic regions of PspA, the
a-helical (29, 31, 63) and the PR (33) domains, could be diluted to
1:200 or higher and kill the encapsulated target strains that ex-
pressed PspA and carried the pspC mutation. We also showed that
the ability of normal human sera to passively protect mice from
infection correlated with the level of antibody to PspA in the sera
and with the ability of the sera to support killing in our modified
OPKA. Using a human serum sample with a high antibody level to
PspA and a negligible antibody level to capsular PS, we observed
that adsorption with PspA-Sepharose removed antibodies to
PspA and eliminated both the passive protection of the serum and
killing in the modified OPKA. These observations indicate that (i)
antibodies to PspA were able to mediate killing in the modified
OPKA and (ii) the modified OPKA appeared to act as an in vitro
surrogate for the ability of these same sera to passively protect
mice from infection. Thus, although the modified OPKA used a
mutant target strain, it detected antibodies to PspA that might
protect mice from otherwise fatal infection with fully virulent
pneumococci.

In our initial OPKA studies summarized above, pspC mutant
pneumococci were opsonized with antibodies to PspA and then
incubated for 30 min with BRC followed by a 45-min incubation
with HL-60 phagocytes. Using this procedure, we observed that
dilutions of about 1:100 to 1:300 of rabbit antisera to PspA facili-
tated the killing of the pspC mutant pneumococci by HL-60 cells.
In a further modification, the antibody-opsonized bacteria were
incubated simultaneously with BRC and HL-60 cells for 75 min.
With this procedure, immune rabbit serum to PspA supported the
killing of >50% of the target pneumococci at dilutions of 1:1,000
to 1:1,500 (Table 2). The increased sensitivity of anti-PspA-medi-
ated killing with the 75-min versus the 45-min incubation was
probably because the longer incubation gave the HL-60 cells more
time to phagocytize and kill the pneumococci opsonized by anti-
bodies to PspA and BRC. Moreover, using the combined 75-min
incubation rather than sequential 30- and 45-min incubations
makes the assay amenable to the type of large-scale studies that
would be needed in vaccine trials. The OPKA modifications we
have described permit the ready detection of the protective effects
of antibodies to PspA and also increase the OPKA titers of anti-
capsular antibodies. However, such modifications are not recom-
mended for the anti-capsule assay since they would be expected to
reduce its specificity for antibodies to capsule by allowing anti-
bodies to PspA and possibly other antigens to be more readily
detected.

Passive protection of mice is the current standard for evaluat-
ing human immune responses to immunization with PspA (29).
Our present findings suggest that it may be possible to use OPKAs
similar to the ones described here as in vitro surrogates to detect
protective immunity to PspA in serum from immunized humans.
Such assays might greatly facilitate further human trials of vac-
cines containing portions of PspA.

It has been shown that antibodies to PspA can activate com-
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plement deposition (20, 35). Prior studies also indicated that the
absence of PspC facilitates the alternative pathway following a
classical pathway trigger (18, 19, 47, 48). As a result, we expected
the antibodies to PspA to result in greater complement deposition
and enhanced in vitro phagocytosis and killing of pneumococci if
PspC were absent. The pspC mutant did turn out to be a much
more sensitive target for detecting opsonization by antibodies to
PspA, although we do not yet know if the mechanisms we pro-
posed are the correct ones. Mutations in other genes that interfere
with complement deposition might also enhance the protective
effects of antibodies to PspA in the OPKA. Dalia and Weiser (64)
and Dalia et al. (65) have recently shown that longer chain lengths
of pneumococci and mutations in exoglycosidases can enhance
complement deposition and phagocytosis by HL-60 cells.

In a different set of experiments, we observed that in the stan-
dard OPKA, the levels of monoclonal antibodies to capsule and to
PspA that were too low to mediate detectable killing were able to
synergize and mediate >50% killing. In view of this finding, it is
possible that minute amounts of Abs to capsule or other pneumo-
coccal antigens may have contributed to the killing in the PspA
OPKAs described in this paper; also, the OPKA values for capsule
in general may be affected in some cases by the presence of anti-
bodies to PspA or other pneumococcal antigens in the immune
sera examined. The synergy finding has the potential to be devel-
oped into a useful surrogate assay to detect protective antibodies
to PspA in human or animal serum. Such an assay can be carried
out using a constant nonprotective level of antibodies to capsular
PS, to which decreasing amounts of antibodies to PspA would be
added, and would be most applicable using target strains, such as
type 3, for which anti-capsular antibodies can be rare.

As PspA and other surface proteins move closer to being used
in human vaccines, the need for quantitative in vitro assays to
measure the protective effects of anti-PspA in pre- and postim-
mune sera becomes more critical. We have developed potential
surrogate assays on the platform of the current very successful
UAB OPKA, which measures antibodies to capsular PS. The mod-
ified OPKAs described in this paper should be able to form the
basis for the development of validated assays to detect protective
responses to PspA that are elicited by PspA-containing vaccines.
Such assays can be run with the same equipment and computer
software that are now used in the UAB OPKA for anti-capsular
assays. The assays described here might also be applicable to other
pneumococcal proteins (or antigens of other bacteria) that also
elicit opsonizing antibody. To better understand whether these
modified OPKAs can be used for the detection of protective anti-
bodies, studies will be needed where human pre- and postimmune
sera are tested in these in vitro assays and also in passive protection
in mice. To know if the assays are true surrogates of protection in
people, they will need to be used in prospective studies of invasive
infection or in vaccine efficacy trials.
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