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Opsonophagocytosis is the primary mechanism for clearance of pneumococci from the host, and the mea-
surement of opsonophagocytic antibodies appears to correlate with vaccine-induced protection. We developed
a semiautomated flow cytometric opsonophagocytosis assay using HL-60 granulocytes as effector cells and non-
viable 5,6-carboxyfluorescein, succinimidyl ester-labeled Streptococcus pneumoniae (serotypes 4, 6B, 9V, 14, 18C,
19F, and 23F) as bacterial targets. The flow cytometric opsonophagocytosis assay was highly reproducible (for
87% of repetitive assays the titers were within 1 dilution of the median titer) and serotype specific, with >97%
inhibition of opsonophagocytic titer by addition of homologous serotype-specific polysaccharide. In general,
opsonophagocytic titers were not significantly inhibited by the presence of either heterologous pneumococcal
polysaccharide or penicillin in the serum. The flow cytometric assay could reproducibly measure functional
antibody activity in prevaccination (n 5 28) and postvaccination (n 5 36) serum specimens from healthy adult
volunteers vaccinated with the 23-valent pneumococcal polysaccharide vaccine. When compared with a stan-
dardized manual viable opsonophagocytic assay, a high correlation (r 5 0.89; P < 0.01) was found between the
two assays for the seven serotypes tested. The flow cytometric assay is rapid (;4 h) with high throughput (;50
serum samples per day per technician) and provides a reproducible measurement of serotype-specific function-
al antibodies, making it a highly suitable assay for the evaluation of the immune responses elicited by pneumo-
coccal vaccines.

Serologic correlates of protection for Streptococcus pneu-
moniae (pneumococcal) vaccine evaluation are not well estab-
lished (6). Immune responses to pneumococcal vaccines have
been evaluated by using assays that measure total binding
antibodies, such as radioimmunoassays or enzyme-linked im-
munosorbent assays (ELISAs) (15, 19, 23). Other measure-
ments of host immune responses to pneumococcal vaccines
have been considered, most notably, opsonophagocytic assays,
which measure functional antibody activity (20, 26). Opsono-
phagocytic assays are more attractive than other measures of in
vitro protective immunity because they more closely resemble
the mechanism of natural immunity, do not require the use of
animal models, and appear to provide a closer correlation with
serotype-specific vaccine efficacy than ELISAs (27).

Opsonophagocytic assays have traditionally used polymor-
phonuclear cells (PMNs) as effector cells in a variety of radio-
isotopic, flow cytometric, microscopic, and bacterial viability
assays (4, 5, 8, 10, 14, 17, 25, 26, 28). A standardized viable
opsonophagocytic assay with culturable granulocytes (differen-
tiated HL-60 cells) has been described for the measurement of
functional opsonophagocytic antibodies against S. pneumoniae
(20). Standardization of assay components is essential for com-
parison of results between laboratories. Most of these reported
assays require considerable technical expertise, the use of cum-

bersome, labor-intensive steps such as isolation of phagocytes
from whole blood, the use of radioisotopes or differential cen-
trifugation, and quantitation by microscopic counting of bac-
teria or colony-forming units.

Pneumococcal conjugate vaccines will eventually be licensed
after favorable results from phase III efficacy trials. After li-
censure, new conjugate vaccines will most likely be licensed
primarily on the basis of immunogenicity. In anticipation of the
need for large-scale immunogenicity testing, we developed and
standardized a simple, rapid, and semiautomated flow cyto-
metric opsonophagocytic assay that minimized handling of vi-
able bacteria, used culturable effector cells, demonstrated high
reproducibility, was insensitive to penicillin in the serum, and
was easily adapted for automation. We tested seven serotypes
found in the 23-valent polysaccharide vaccine, although the
assay is adaptable to other serotypes as well. The flow cyto-
metric opsonophagocytic assay can be used for large immuno-
genicity studies, as part of the evaluation of existing or new
pneumococcal vaccines, or for the study of immune responses
with a high degree of reproducibility.

MATERIALS AND METHODS

Serum samples. All serum samples (28 prevaccination and 36 postvaccination
serum samples) were collected after informed consent was obtained from healthy
adult volunteers, 16 serum samples were collected through the Emory University
Donor Services (Atlanta, Ga.), and 24 paired serum samples previously used in
a multilaboratory ELISA validation study (18) were collected through the Na-
tional Blood Service (Oxford Centre, Oxford, England). Postvaccination serum
was collected 4 to 6 weeks after immunization with the 23-valent pneumococcal
polysaccharide vaccine (Lederle Laboratories [Praxis-American Cyanamid Co.],
Pearl River, N.Y.). All serum samples were stored at 270°C and were heated to
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56°C for 30 min just prior to testing to inactivate endogenous complement
activity.

Bacterial growth and labeling. All strains of S. pneumoniae were recent clinical
isolates used in the standardized viable opsonophagocytic assay reported previ-
ously (20) and were stored at 270°C. Briefly, the bacteria were incubated over-
night on blood agar plates (Life Technologies, Grand Island, N.Y.) at 37°C in 5%
CO2. The isolated colonies were then inoculated into Todd-Hewitt broth with
0.5% yeast extract and were incubated without shaking for 3 to 4 h at 37°C in 5%
CO2. The bacteria were harvested by centrifugation at 800 3 g for 10 min at
room temperature and were resuspended in 5 ml of bicarbonate buffer (0.1 M
NaHCO3 [pH 8.0]). Fifty microliters of 5,6-carboxyfluorescein, succinimidyl ester
(FAM-SE; Molecular Probes, Eugene, Oreg.), solution (10 mg/ml in dimethyl
sulfoxide [Fisher Scientific Co., Fair Lawn, N.J.]) was added, and the mixture was
incubated for 1 h without shaking at 37°C in 5% CO2 (2). Finally, 1 ml of 2%
paraformaldehyde (Sigma Chemical Co., St. Louis, Mo.) was added, and fixation
was allowed to proceed overnight at 37°C without shaking. To confirm that the
labeled bacteria were nonviable, 0.1 ml of bacterial suspension was cultured on
a blood agar plate and the plate was incubated overnight as before. The labeled
bacteria were washed by centrifugation six times in 20 ml of opsonophagocytosis
buffer (Hanks balanced salt solution with Ca21 and Mg21 [Life Technologies],
0.2% bovine serum albumin [Sigma], and 13 penicillin-streptomycin [Life Tech-
nologies]) until no free dye was observed in the supernatant. FAM-SE-labeled
bacteria were counted with the BacCount kit (Molecular Probes). FAM-SE-
labeled bacteria were stored at 4°C under protection from light and were stable
for a minimum of 3 months. Bacterial concentrations were adjusted to 4 3 105

bacteria in 20 ml prior to use. The presence of a capsule was verified by the
Quellung (16) reaction before and after FAM-SE labeling, and no significant
differences were observed.

Cell line growth and differentiation. HL-60 (human promyelocytic leukemia
cells; CCL240; American Type Culture Collection, Rockville, Md.) were grown
to a cell density of 4 3 105 to 6 3 105 cells/ml in 80% RPMI 1640 medium that
contained 1% L-glutamine but no phenol red (Life Technologies) and that was
supplemented with 20% heat-inactivated fetal bovine serum (HyClone Labora-
tories, Logan, Utah) and 13 penicillin-streptomycin. These cells were differen-
tiated into granulocytes by culturing in the same medium supplemented with 100
mM N,N-dimethylformamide (99.8% purity; Fisher Scientific) for a period of 5
days (20). The flow cytometric opsonophagocytosis assay required differentiated
HL-60 granulocytes with high degrees of viability ($90%, as judged by 0.4%
trypan blue exclusion staining). Such a high degree of cell viability was obtained
by daily feeding or division of the undifferentiated HL-60 cell line stock. Ade-
quate phagocytosis was observed in differentiated HL-60 cells through at least
230 passages.

Differentiated HL-60 cells were harvested by centrifugation at 160 3 g for 10
min and were washed twice in 15 ml of wash buffer containing Hanks balanced
salt solution without Ca21 and Mg21, 0.2% bovine serum albumin, and 13
penicillin-streptomycin. The cells were then washed once in opsonophagocytosis
buffer and were resuspended in 4 ml of opsonophagocytosis buffer and counted
in a hemocytometer. The cell concentration was adjusted to 105 cells per 40-ml
volume, resulting in an effector cell/target cell ratio of 1:4.

Flow cytometric opsonophagocytic assay. Eight twofold serum dilutions were
made in opsonophagocytosis buffer from 10 ml of test serum. A 20-ml aliquot of
bacterial suspension containing 4 3 105 bacteria was added to each well, and the
plate was incubated for 30 min at 37°C in room air with horizontal shaking (200
rpm). Then, 10 ml of 3- to 4-week-old, sterile baby rabbit serum (Pel-Frez, Brown
Deer, Wis.) was added to each well with the exception of the HL-60 cell control
wells as a source of complement; HL-60 cell control wells received 10 ml of
opsonophagocytosis buffer. After incubation at 37°C in room air for 15 min with
shaking, 40 ml of washed, differentiated HL-60 cells (105 cells) was added to each
well and the plates were incubated with shaking at 37°C in air for 15 min. The
final well volume was 80 ml. An additional 80 ml of opsonophagocytosis buffer
was added to each well to provide sufficient volume for flow cytometric analysis,
and the well contents were resuspended and transferred to titer tubes (Bio-Rad
Laboratories, Richmond, Calif.). The titer tubes were placed inside polystyrene
disposable tubes (12 by 75 mm; Fisher) for flow cytometric analysis. The samples
were stored in the dark and on ice until they were analyzed. Samples were
typically analyzed within 3 to 4 h without affecting the results and were held for
as long as 6 h without affecting the observed titer. The tubes were vortexed for
3 s before sampling in the flow cytometer.

Three controls were included per assay for each serotype assayed: (i) an HL-60
cell control containing only cells and bacteria, (ii) three complement controls
containing all test reagents except antibody source, and (iii) a positive quality
control serum sample, which was a postvaccination serum sample with a known
opsonophagocytic titer. The positive quality control serum sample was included
on every microtiter plate. Manual opsonophagocytic assays were performed as
described previously (20). Using the manual assay, we did not observe any
difference between human and baby rabbit serum as a complement source. Since
we were attempting to develop a flow opsonophagocytic assay using readily
available reagents, we used only the rabbit complement for the development and
standardization of the flow cytometric assay.

Flow cytometric analysis. Samples were assayed with a FACSCalibur immu-
nocytometry system (Becton Dickinson and Co., Paramus, N.J.) and were ana-
lyzed with CELLQuest software (version 1.2 for Apple system 7.1; Becton Dick-

inson). A minimum of 3,000 gated HL-60 granulocytes were analyzed per tube.
FAM-SE was excited at a wavelength of 488 nm, and the FAM-SE fluorescence
signals of gated viable HL-60 cells were measured at 530 nm. The upper limit of
the background fluorescence was measured in the HL-60 cell controls and con-
sisted of autofluorescence of HL-60 cells, nonspecific adherence of bacteria, and
bacterial clumps. A marker region (M1) was superimposed above the cell control
fluorescence peak to include 98% of the population. A second marker region
(M2) was used to determine the percentage of differentiated HL-60 cells with
fluorescence greater than that of M1 for each serum dilution. The cells in this
region had phagocytosed S. pneumoniae. Titers were reported as the reciprocal
of the highest serum dilution yielding $50% of the maximum phagocytic uptake.
Samples with a maximum phagocytic uptake of ,20% were considered negative
and were reported to have a titer of 4.

Competitive inhibitions. A panel of prevaccination serum samples (n 5 5),
postvaccination serum samples (n 5 5), and Sandoglobulin, a pooled immuno-
globulin G (IgG) antibody preparation (Sandoz Pharmaceuticals Co., East
Hanover, N.J.) at a concentration of 6%, was tested for opsonophagocytic anti-
bodies to seven pneumococcal serotypes (serotypes 4, 6B, 9V, 14, 18C, 19F, and
23F) after preabsorption for 30 min at room temperature with equal volumes of
either homologous or heterologous polysaccharide (American Type Culture
Collection) diluted to a final concentration of 0.5 mg/ml. Competitive inhibition
with homologous polysaccharide was performed only with the postvaccination
sera. The samples were competitively inhibited and were tested in triplicate. The
results were analyzed by the Wilcoxon rank sum test for statistical differences.

Statistical analysis. Pearson’s product moment correlation coefficient for nor-
mally distributed data was determined and Wilcoxon rank sum tests for non-
parametric data were performed with the SigmaStat software program, version
2.0 (Jandel Scientific, San Rafael, Calif.). Significance levels were set at P values
of ,0.05. Differences between paired data were determined by paired t test. The
geometric 95% confidence interval (G95% CI) was estimated as the geometric
mean titer (GMT) 6 (geometric standard error 3 1.96).

RESULTS

Specificity of flow cytometric opsonophagocytosic assay. In
the flow cytometric opsonophagocytosic assay, FAM-SE-la-
beled pneumococci were opsonized by type-specific anticapsu-
lar antibodies in an antibody concentration- and complement-
dependent manner. We measured functional antibody activity
against seven pneumococcal serotypes (serotypes 4, 6B, 9V, 14,
18C, 19F, and 23F) in pre- and postvaccination serum samples.
Measurement of functional antibody activity was demonstrated
by increased fluorescence of HL-60 PMNs containing phago-
cytosed FAM-SE-labeled pneumococci (Fig. 1). The opsono-
phagocytosis, i.e., fluorescence, was dependent upon the amount
of functional antibody present in each sample and behaved in
an antibody concentration-dependent manner, as illustrated in
Fig. 1e to l. The percentage of HL-60 PMNs containing phago-
cytosed pneumococci decreased as the amount of functional
antibody was decreased by dilution. The percentage of HL-60
PMNs containing fluorescent pneumococci could then be plot-
ted for each sample’s dilution series to determine an opsono-
phagocytic titer for each sample. The opsonophagocytic titer
is defined as the reciprocal of the dilution with 50% of the
maximal percent uptake for each sample. Figure 2 shows the
differences in the percent uptake between a pre- and a post-
vaccination serum sample. Figure 2 also shows the opsonopha-
gocytic titer for the postvaccination serum sample. Competi-
tive inhibitions with homologous polysaccharide and with a
panel of quality control serum samples resulted in $97% in-
hibition for all seven serotypes tested (Table 1).

The maximum percent uptake of FAM-SE-labeled pneumo-
cocci by differentiated HL-60 cells in postvaccination serum
was similar for all serotypes tested, with a mean 6 1 standard
deviation uptake for all serotypes of 40% 6 10.6%. The max-
imum percent uptake was serum dependent. The range of
percent uptake observed in the complement controls was also
similar for each serotype tested, with a mean of 9% 6 1.2%.
Similar percent uptakes were observed for PMNs isolated from
different donors. For example, in a representative experiment,
maximum uptakes (reported titer) for serotype 14 were 49.6%
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(titer, 256) and 48.7% (titer, 512) for PMNs isolated from
whole blood and HL-60 PMNs, respectively. Measurement of
ingested bacteria as opposed to adherent bacteria was con-
firmed by trypan blue quenching of the fluorescent FAM-SE
signal. No appreciable reduction in the signal was observed in
the fluorescent FAM-SE signal with the addition of 0.4%

trypan blue (9). We examined different HL-60:bacterium
ratios, from 4:1 to 1:100 HL-60 cells/bacteria. HL-60/bacte-
rium ratios between 1:2 and 1:10 resulted in maximal per-
cent phagocytosis in postvaccination serum, with minimal
increases (#10% uptake) in phagocytosis in the complement-
containing control (data not shown).

FIG. 1. Flow cytometric analysis of serum with functional antibody activity by differentiated HL-60 cells (granulocytes). (a) Scattergram of the forward light scatter
(FSC) versus the side light scatter (SSC). Gated cells (dark gray) represent the viable singlet population of differentiated HL-60 cells. (b) Histogram representation
of the gated HL-60 cells with various degrees of fluorescence caused by uptake of FAM-SE-labeled pneumococci in the HL-60 cell control. M1 was adjusted to
encompass 98% of the gated HL-60 cells; M2 defines the fluorescent gated HL-60 cell population. The percentage of cells in M2 is shown. (c) Histogram representation
of uptake in the complement control. (d) Histogram representation of a prevaccination serum sample diluted 1:8 (serotype 6B). Similar profiles were obtained at higher
dilutions of the prevaccination serum samples shown. (e to l) Fluorescence profiles of HL-60 granulocytes (n 5 3,000) in the presence of a postvaccination serum sample
diluted 1/8, 1/16, 1/32, 1/64, 1/128, 1/256, 1/512, and 1/1,024, respectively.
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Cross-reactivity of antibodies to heterologous polysaccha-
rides. The serotype specificity of the flow cytometric opsono-
phagocytic assay for type 4, 6B, 9V, 14, 18C, 19F, or 23F was
evaluated in five postvaccination serum samples by preincuba-
tion with heterologous polysaccharide in a checkerboard de-
sign. Of 42 combinations of heterologous preabsorption, only 1
produced a significant reduction in mean titer compared to
that for the unabsorbed serum sample. Preabsorption of serum
with a type 9V polysaccharide produced a mean titer inhibition
of 17.4% in the assay for serotype 4 (P , 0.001).

By contrast, when a pooled antibody preparation, Sando-
globulin, was cross-absorbed with heterologous polysaccha-
ride, a significant reduction in flow cytometric opsonophago-
cytic titers was observed by the Wilcoxon rank sum test for
antibodies against serotypes 4 (24% decrease; P 5 0.02), 9V
(58% decrease; P 5 0.03), and 14 (22% decrease; P 5 0.02).
The reductions in heterologous polysaccharide-absorbed San-
doglobulin titers were not significant for serotypes 6B (22%

decrease; P 5 0.08), 18C (38% decrease; P 5 0.06), and 23F
(25% decrease; P 5 0.06).

Reproducibility of the flow cytometric opsonophagocytic as-
say. The reproducibility of the flow opsonophagocytic assay
was assessed in 68 replicates (all serotypes included) of a single
quality control serum; 65% gave the median titer, the titers for
87% of the assays were within 61 dilution of the median titer,
and the titers for 97% of the assays were within 62 dilutions of
the median titer. The G95% CIs for a panel of quality control
serum samples (n 5 4) were determined by testing each serum
sample three to six times against each serotype. The GMTs and
G95% CIs for each serotype were as follows: serotype 4, 675
and 406 to 1,063; serotype 6B, 260 and 169 to 388; serotype 9V,
2,474 and 1,783 to 3,326; serotype 14, 664 and 388 to 1,176;
serotype 18C, 546 and 338 to 891; serotype 19F, 276, 194 to
388; and serotype 23F, 659 and 416 to 1,024. These G95% CIs
represent less than 1 dilution from the GMT for all serotypes
tested.

Comparison between flow cytometric and manual viable op-
sonophagocytic assays. Overall, the results of the flow cyto-
metric assay correlated well (r 5 0.89 and P # 0.001) with
those of the manual viable assay for all seven serotypes tested.
The correlations per serotype are given in Table 2. The GMTs
obtained by the flow cytometric assay with postvaccination
serum samples were higher for serotypes 9V, 14, and 18C and
lower for serotype 4 than those obtained by the manual viable
assay. These differences were not significant for serotype 4
(P 5 0.117), serotype 14 (P 5 0.05), or serotype 18C (P 5
0.114) by paired t test. A significant difference was only found
for serotype 9V (P , 0.001). Prevaccination GMTs were very
similar by both methods. Fifty-two percent of the serum sam-
ples tested against all serotypes by the flow cytometric assay
gave the same titer as the manual viable assay, 75.9% gave
titers within 61 dilution of those of the manual viable assay,
87.2% gave titers within 62 dilutions of those of the manual
viable assay, and 94.6% gave titers within 63 dilutions of those
of the manual viable assay. In general, the flow cytometric assay
tended to give the same opsonophagocytic titers or titers 1
dilution higher than those achieved by the manual viable assay
(Table 3). For all serotypes the flow cytometric opsonophago-
cytic assay values were normally distributed around the median

FIG. 2. Dilution curve of the functional opsonophagocytic activity in a post-
vaccination serum sample (percent uptake of FAM-SE-labeled pneumococci
serotype 6B by differentiated HL-60 cells, as shown in Fig. 1e through l). The
opsonophagocytic titer was the reciprocal of the dilution with $50% maximum
uptake observed in each serum sample, in this case, a titer of 128 (arrow). A
dilution curve of the opsonophagocytic activity in the corresponding prevaccina-
tion serum sample (Fig. 1d) is shown for comparison. The titer for this nonim-
mune serum was ,8. C9, complement.

TABLE 1. Competitive inhibition of opsonophagocytic activity
with type-specific polysaccharide

Serotypea

Opsonophagocytic activityb

Avg %
inhibitionc

Median titer Titer range Median titer
postabsorption

4 2048 512–2,048 4 99.7
6B 128 64–512 4 97.0
9V 512 256–2,048 4 99.3
14 512 256–512 4 98.9
18C 256 128–512 4 98.9
19F 128 64–256 4 96.9
23F 128 64–512 4 96.9

a Serotype of S. pneumoniae.
b All titers in the presence of 0.5 mg of homologous polysaccharides per ml

were ,1:8 and were reported as a titer of 4 for analysis purposes.
c Percent inhibition of opsonophagocytic activity after addition of type-specific

polysaccharide.

TABLE 2. Correlation between the flow cytometric and
manual viable opsonophagocytic assays for pre-

and postvaccination serum

S. pneumoniae
serotype

GMTa Correlationb

Flow
cytometric

assay

Manual
viable opso-

nophago-
cytic assay

r value P value Slope

Pre Post Pre Post

4 5 157 5 117 0.90 ,0.001 0.83
6B 12 176 11 98 0.85 ,0.001 0.80
9V 5 665 6 256 0.88 ,0.001 0.70
14 24 562 24 352 0.87 ,0.001 0.77
18C 6 83 7 63 0.89 ,0.001 0.84
19F 7 56 7 53 0.95 ,0.001 1.01
23F 5 20 5 31 0.91 ,0.001 0.94

a Pre and Post, pre- and postvaccination serum samples, respectively.
b The Pearson’s product moment correlation coefficient was used for the linear

regression analysis between the two methods. The overall correlation between
the two assays for all serotypes combined was as follows: r 5 0.89, P , 0.001, and
slope 5 0.81. Twenty-four paired serum samples were tested to determine the
correlation between the two assays.
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value for the manual opsonophagocytic assay. The flow cyto-
metric assay allowed a higher number of serum samples to be
analyzed daily (;50 serum samples per 8 h), as opposed to the
;25 serum samples that could be analyzed in 18 to 24 h by the
manual viable opsonophagocytic assay. The flow cytometric
assay was unaffected by the presence of penicillin (0, 100, or
1,000 U/ml) in the assay buffers since no significant differences
in opsonophagocytic titer were observed in a panel of six serum
samples tested for antibodies to serotypes 6B (P 5 0.49) and
18C (P 5 0.57).

DISCUSSION

Laboratory correlates of protection that can be used for
pneumococcal vaccine development, evaluation, and licensure
are needed. Unlike other vaccines with established laboratory
correlates of protection, such as the Haemophilus influenzae
type b vaccine (7, 11), no standardized laboratory method is
used to determine levels of opsonic antibodies which can be
used as a correlate of protection for evaluation of pneumococ-
cal vaccines. In a previous report (27), we documented that the
measurement of functional antibody activity by opsonophago-
cytosis appeared to correlate with vaccine point estimates of
efficacy and that this correlation was higher than the corre-
lation observed with antibody concentrations measured by
ELISA (19). The correlation of opsonophagocytosis and the
IgG concentration measured by ELISA varies according to
serotype. For example, opsonophagocytosis of serotype 14
has been found to correlate better with the titer obtained by
ELISA (r 5 0.8 to 0.9) than opsonophagocytosis of serotype
19F does (r 5 0.4) (20). A minimum antibody level has not yet
been defined for protection against pneumococcal disease.
However, it is becoming more evident that measurement of
functional antibody activity (opsonophagocytosis or passive
protection in animal models) is a better indicator of the im-
munogenicity in various vaccinated populations than measure-
ment of total binding antibody concentrations (21, 24). In these
studies, we have observed a number of serum samples with
ELISA-determined IgG antibody concentrations of .2 mg/ml
and reduced functional antibody activity (opsonic titers, #64).

We describe a flow cytometric opsonophagocytic assay with
differentiated HL-60 cells (granulocytes) in an effort to de-
velop a standardized assay that can reproducibly measure the
functional antibody activities of large numbers of serum sam-
ples. The flow cytometric opsonophagocytosis assay offers a
rapid and reproducible alternative to the current manual viable
opsonophagocytic assay and has a number of additional advan-
tages. The flow cytometric assay correlated very well with the
previously described viable assay (20), and we believe that they
have similar sensitivities. This was previously published in Fig-
ure 1 of reference 20, in which the opsonophagocytic titer

(50% killing) was obtained at ;0.06 mg/ml. Although the ma-
terials and reagents were similar to those used in the manual
viable assay, nonviable FAM-SE-labeled pneumococci (target:
effector cell ratio, 4:1) were used as targets, whereas viable
bacteria (1:400 ratio) were used as targets in the manual viable
opsonophagocytic assay. The semiautomation of the flow assay
facilitated collection and analysis of larger number of samples
in a shorter period of time (;4 h).

Uptakes of labeled pneumococci were similar when either
cultured, differentiated HL-60 granulocytes or isolated donor
PMNs from multiple donors were used (data not shown). Al-
though the HL-60 cells have been shown by Jansen et al. (12)
to express only the FcgRIIa-R131 allotype, which has a lower
affinity for IgG2, these cells are still capable of phagocytosing
opsonized pneumococci in the presence of complement. Thus,
the C3b receptor appears to play a more important role in
opsonophagocytosis in this assay. The assay was optimized to
yield maximal uptakes in the presence of specific opsonizing
antibodies and to minimize nonspecific uptake in the controls
containing only complement. This was done by adjusting the
ratio of effector cells to bacterial cell targets to 1:4. This ratio
optimized the fluorescent signal observed when HL-60 cells
phagocytosed the FAM-SE-labeled bacteria. An increase in
the number of bacteria per effector cell resulted in increased
bacterial uptakes (they approached 100%); however, there was
a concomitant increase in uptake in the control containing only
complement but no significant effect on the control containing
only cells and bacteria (cell control).

Since the flow cytometric assay used fixed, FAM-SE-labeled
pneumococci, the assay was unaffected by the presence of up to
1,000 U of penicillin in the serum sample and, most likely,
would be unaffected by other commonly used antibiotics. This
is of great importance, since a number of potential study pop-
ulations may include individuals who have been treated with
antibiotics before sample collection, e.g., persons with under-
lying chronic conditions requiring prophylactic antibiotic ther-
apy. The presence of antibiotics in the serum samples from
these patients precludes their use in the standard viability
opsonophagocytic assay.

We had previously shown that pneumococcal type-specific
functional opsonophagocytic activity could be competitively
inhibited by the presence of homologous capsular polysac-
charide (20); however, we did not address the possible par-
ticipation of cross-reactive antibodies in the opsonophagocytic
reaction. In this study, we have demonstrated no appreciable
difference in the opsonophagocytic titers obtained by the ad-
dition of heterologous polysaccharide in pre- and postvaccina-
tion serum samples by either the flow cytometric or the manual
viable opsonophagocytic assay except when absorption was
with the type 9V polysaccharide and testing was performed
against serotype 4 bacteria. This group of sera demonstrated
significant inhibition. We believe that this represents the pres-
ence of cross-reactive antibodies against serotype 9V in one
sample in this group. Contrary to opsonophagocytosis, this
type of cross-reactivity has been observed in prevaccination
serum samples when the consensus ELISA protocol (3) has
been used. This ELISA measures total binding of antibodies
with various avidities, whereas opsonophagocytosis measures
total binding of antibodies with higher aviditities (1, 21). Dif-
ferences were primarily observed by the flow cytometric assay
in a pooled IgG preparation (Sandoglobulin) and were likely
due to the large number of nonimmunized donors whose sera
were used to generate the preparation and the resulting wide
range of antibody specificities and avidities within the prepa-
ration. Jansen et al. (13) reported that the growth phase of the
pneumococci and the fixation procedure can lead to increased

TABLE 3. Cumulative percentage of serum samples for which the
titers by the flow cytometric opsonophagocytic assay and the

manual opsonophagocytic assay were in agreementa

Dilution well difference
from median manual

assay titer

Cumulative % serum samples by
S. pneumoniae serotype

4 6B 9V 14 18C 19F 23F All

0 59.4 45.3 43.8 39.1 50 65.6 60.9 52
61 75 70.3 59.4 76.6 78.2 96.8 75 75.9
62 87.5 84.3 75.0 89.1 87.5 98.4 89.1 87.2
63 98.5 92.1 87.5 95.4 95.3 98.4 95.4 94.6

a A total of 48 serum samples were analyzed.
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phagocytosis by anti-cell wall polysaccharide antibodies. We
used paraformaldehyde-fixed pneumococci grown to the mid-
logarithmic phase in which the effect of anti-cell wall polysac-
charide antibodies is minimal (data not shown). In addition, we
have recently reported that the opsonophagocytic titers of cer-
tain serotypes (serotypes 6B and 9V) vary, depending on the
amount of capsular polysaccharide present on the target strain
(22). The GMTs to serotype 9V for postvaccination serum
samples obtained by the flow cytometric assay were higher than
those obtained by the manual assay. Several possibilities which
may explain these results exist. We observed that serotype 9V
polysaccharide absorption decreased the level of antibody ac-
tivity directed against serotype 4. This suggests that the sero-
type 9V polysaccharide may have epitopes which may cross-
react with antibodies against serotype 4 and perhaps other
serotypes to a lesser extent, and this could lead to higher titers
for anti-9V antibodies. A more likely explanation for the ob-
served difference in titer is the presence of transparent CFU
reported by Romero-Steiner et al. (22). We have observed that
the serotype 9V strain used in this study contained approxi-
mately equal numbers of opaque and transparent CFU. All oth-
er strains used in this study primarily contained the opaque
type. The transparent-type organism is more readily phagocy-
tosed. Since uptake rather than killing is being measured in the
flow cytometric assay, the transparent form would more likely
be phagocytosed, leading to higher titers. Additional studies will
be necessary to fully elicidate the cause(s) of this observation.

The flow cytometric opsonophagocytic assay that we de-
scribe offers a number of advantages over the manual viable
assay. The flow cytometric assay correlates with a standardized
viable bacteria assay (20), which appears to correlate with pro-
tection (27). This pneumococcal opsonophagocytic assay can
be used for the evaluation of new pneumococcal vaccines and
pneumococcal vaccines that are being developed since it offers
a more rapid and reproducible estimate of the opsonophago-
cytic activity in pre- and postpneumococcal vaccination human
serum samples than the recently reported manual viable assay.
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