
CLINICAL AND DIAGNOSTIC LABORATORY IMMUNOLOGY, Nov. 2003, p. 1019–1024 Vol. 10, No. 6
1071-412X/03/$08.00�0 DOI: 10.1128/CDLI.10.6.1019–1024.2003
Copyright © 2003, American Society for Microbiology. All Rights Reserved.

Multilaboratory Evaluation of a Viability Assay for Measurement of
Opsonophagocytic Antibodies Specific to the Capsular

Polysaccharides of Streptococcus pneumoniae
Sandra Romero-Steiner,1* Carl Frasch,2 Nelydia Concepcion,2 David Goldblatt,3 Helena Käyhty,4
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Opsonophagocytosis is a correlate of protection that measures the functional activity of vaccine-induced
antibodies. A standardized opsonophagocytosis assay (OPA) should be used as part of the evaluation of current
and future pneumococcal (Pnc) polysaccharide (Ps)-based vaccines. We enrolled five laboratories to evaluate
a previously standardized viability OPA. Each laboratory was provided with a detailed OPA protocol, seven
target Pnc strains (serotypes 4, 6B, 9V, 14, 18C, 19F, and 23F), two quality control sera and 12 paired sera
(blinded) from adult donors who received one dose of the 23-valent Pnc Ps vaccine. Laboratories sent their
results to the Centers for Disease Control and Prevention for analysis. Sera were tested in duplicate (single
run), and the results were averaged to yield a single OPA titer (>50% killing) for each serum sample. The
percentage of sera within one or two dilutions of the calculated median OPA titer was determined for each
laboratory and for each serotype. In general, laboratories were capable of detecting OPA titers within one or
two dilutions of the median for at least 75 and 88%, respectively, of the sera tested. The level of agreement with
the median OPA titers varied depending on the participating laboratory (overall agreement � 0.8 [99%
confidence interval � 0.75 to 0.85]). All OPA median titers reported for quality control sera were within one
dilution of the expected titer. We conclude that this OPA can be done in multiple laboratories with a high
degree of interlaboratory reproducibility.

Vaccine-induced protection to Streptococcus pneumoniae
(pneumococcus) has been determined through vaccine efficacy
trials for both polysaccharide (Ps) vaccines (1, 4, 22) and Ps-
protein conjugate vaccines (2, 5, 8). Trials of these pneumo-
coccal (Pnc) vaccine formulations have shown various effica-
cies for protection depending on the end point being measured
and the population being studied. These trials are costly and
difficult to perform given the large sample size. In addition,
pneumococcus has 90 different capsular serotypes, with the
majority of disease being caused by about 30 of these 90 sero-
types. Distribution of these serotypes also varies with the geo-
graphical region, making the estimation of the burden of dis-
ease and the impact of vaccination rather difficult (3, 9, 10).

Efforts have been made for the identification and standard-
ization of laboratory correlates of protection that can aid
vaccine efficacy trials in the estimation of vaccine-induced pro-
tection. Currently, a highly standardized enzyme-linked immu-
nosorbent assay (ELISA) is available (www.vaccine.uab.edu)
for the evaluation of infant sera. Several modifications to the

protocol described by Quartaert et al. (20) allowed for the
measurement of Ps-specific antibodies in children and adults
(6, 19, 18). Adults can have cross-reactive antibodies, which
confound the measurements of immunoglobulin G (IgG) an-
tibodies by ELISA, especially if absorption with a nonrelevant
serotype is not performed prior to testing (6, 7, 26). These
cross-reactive antibodies are more prevalent in prevaccination
sera than in postvaccination sera (6). Due to the lower speci-
ficity previously observed with ELISA-based assays, efforts
were centered on the identification of alternative assays that
can measure the function of the anti-capsular antibodies and
serve as correlates of protection against disease. In the case of
pneumococcus, opsonophagocytosis is the primary mechanism
for protection in the host (25). Therefore, standardization and
validation of assays measuring opsonophagocytic activity are of
high importance for Pnc vaccine evaluation.

This study describes the results of a multilaboratory evalu-
ation of a viability opsonophagocytosis assay (OPA). The via-
bility OPA was previously standardized for the use of HL-60
granulocytes as the effector cells (21). Functional assays are
inherently variable. In this study, we calculate the interlabora-
tory variability of the viability OPA and we determine if this
OPA is suitable for multilaboratory comparisons of functional
antibodies induced by Ps-based Pnc vaccines.

MATERIALS AND METHODS

Study design. Paired sera from 12 healthy adults (58% male and 42% female,
mean age � 39 years) receiving the 23-valent Pnc Ps vaccine (Pneumovax II;
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Merck Sharp and Dohme Ltd.) were collected at the Oxford Blood Transfusion
Service, Oxford, United Kingdom. Subjects agreed upon the use of their sera for
experimental purposes according to good clinical practice and informed consent
guidelines. These quality control sera are currently available at the National
Institute for Biological Standards and Control (Potters Bar, Hertfordshire,
United Kingdom) for use in Pnc assay standardization. Sera were lyophilized in
2-ml aliquots and stored at �20°C until use by the participating laboratories. The
Centers for Disease Control and Prevention (CDC; Atlanta, Ga.) provided
detailed copies of a standardized viability OPA that uses HL-60 granulocytes as
effector cells (21). CDC also provided instructions, worksheets, Pnc strains, and
two positive controls. Pnc strains were obtained from Richard Facklam, Strep-
tococcal Reference Laboratory, CDC. The Pnc strains were provided in lyoph-
ilized ampules to include serotypes 4 (DS 2382-94), 6B (DS 2212-94), 9V (DS
400-92), 14 (DS 2214-94), 18C (SP116), 19F (DS2217-94), and 23F (DS 2216-94).
These serotypes are the top disease-causing serotypes in children living in de-
veloped countries, and they are also included in a recently licensed Pnc conjugate
vaccine (Prevnar; Wyeth-Lederle). Participants were provided with a detailed
protocol. Briefly, HL-60 cells (promyelocytic leukemia cells, CCL240; American
Type Culture Collection, Rockville, Md., or its authorized distributor) were
differentiated into polymorphonuclear leukocyte (PMN)-like cells by using 100
mM N,N-dimethyl formamide (DMF, 99.8% purity; Fisher Scientific, Fair Lawn,
N.J., or its equivalent distributor) for a period of 5 days at 37°C and 5% CO2. The
OPA was performed as previously described by Romero-Steiner et al. (21). In
addition, CDC provided a detailed protocol of this OPA, which included HL-60
cell growth and differentiation instructions. Participating laboratories were asked
to use HL-60 cells that have been actively growing to a density of 4 � 105 to 7
� 105 cells/ml prior to the differentiation with 100 mM DMF. Participants were
given telephone and electronic assistance to ensure that the growth and differ-
entiation of HL-60 cells were successful in their laboratories. Active growth of
HL-60 cell stocks was accomplished by daily feeding or splitting of the tissue
culture stock to maintain a balanced growth environment. The viability of un-
differentiated and differentiated cells was recommended to be �90%, as judged
by Trypan blue exclusion cell counts. Participants were asked to differentiate
their HL-60 cells at an inoculum of 2 � 105 cells/ml with DMF. Prior to use of
the differentiated cells, participants were requested to check the cell viability and
the overall formation of elongated sickle cell-like cells as their primary indicators
for optimal differentiation. Serum samples were tested in duplicate in the same
assay plate with a starting in-well dilution of 1:8. Therefore, the lower limit of
detection was an OPA titer of 1:8 and the lower limit of quantification was an
OPA titer of 1:4. The reciprocal of the dilution with an average percent killing of
�50% compared to the in-plate complement controls was reported as the OPA
titer. Worksheets with OPA results were sent to the CDC for final analysis. All
test plates included a positive control serum (R21654-34301107) and San-
doglobulin (purified IgG, lot no. 441x9605; Sandoz Pharmaceuticals Co., East
Hanover, N.J.). Control serum and Sandoglobulin (6% [wt/vol] concentration)
were provided by the CDC along with a list of their expected OPA titers (median
� dilution range) and initial testing dilution for each of the serotypes tested.
Laboratory 3 modified the assay by automating the colony counting procedure.
This modification is now widely used by many other laboratories for the deter-
mination of viability colony counts.

Statistical analysis. The median OPA titer was calculated for each serum
sample and serotype. Once median OPA titers were obtained, results from all
laboratories were compared to the median values (median). The percentage of
serum samples in agreement with the median titer and the percentage of serum
samples within one or two dilutions from the median titer were calculated for
each serotype and for each participating laboratory. The level of agreement to
the median was determined in 2 by 2 tables with the formula a/(a � c), where a
is the number of sera at or above the given titer by both the test laboratory and
the median and c is the number of sera below the given titer by the test laboratory
but at or above the given titer by the median. The 95 and 99% confidence
intervals (CI) were calculated with the aid of the Sigma Plot software program,
version 3.0 (Jandel Scientific, San Rafael, Calif.). OPA titers of �8 were reported
as a titer of 4 for calculation purposes. Therefore, a titer of 8 was defined as the
lower limit of quantification. Outliers were identified if OPA titers were more
than 3 dilutions from the median titer. However, all data submitted were in-
cluded in the analysis. No data points were edited or excluded.

The participating laboratories were as follows: Respiratory Diseases Branch,
Immunology Section, CDC; Center for Biologics Evaluation and Research, U.S.
Food and Drug Administration, Bethesda, Md.; U.S. Pneumococcal Reference
Laboratory, University of Rochester, Rochester, N.Y., presently located at the
University of Alabama, Birmingham; National Public Health Institute, Helsinki,
Finland; and Glaxo SmithKline Biologicals, Rixensart, Belgium.

RESULTS

Median OPA titers. Although OPA killing curves can gen-
erate continuous data with sigmoidal curve-fitting analysis, we
elected to report all data in the form of OPA titers (discon-
tinuous data). Titers were defined as the reciprocal of the
twofold dilution that exhibited �50% killing compared to the
complement control wells (no antibody source added). Table 1
gives the median OPA titers by serotype for the 24 standard
serum samples (pre- and postvaccination). The expected me-
dian OPA titers for the quality control reference serum
R21654-34301107 and Sandoglobulin lot no. 441x9605 were
determined prior to the initiation of the study (n � 6 indepen-
dent duplicate assays per serotype). The expected OPA titers
for the reference serum were 128 (serotype 4), 256 (serotypes
6B, 9V, 14, 18C, and 19F) and 2,048 (serotype 23F), and the
expected OPA titers for Sandoglobulin were 128 (serotype 4),
256 (serotype 9V), 512 (serotypes 18C and 19F), and 1,024
(serotypes 6B, 14, and 23F). The variability of the expected
median OPA titers was within 1 dilution, except for San-
doglobulin (serotype 6B, �2 dilutions). Observed OPA titers
were determined by the participant laboratories (n � 6 OPA
titers per serotype submitted by laboratories 1, 2, 4, and 5).
Observed OPA titers were within one or two dilutions of the
expected median OPA titer for both controls, except for the
reference serum for serotypes 4 and 9 (�3 dilutions apart).
These two controls allowed for the assurance that HL-60 cell
differentiation was optimal and/or other assay parameters were

TABLE 1. Median OPA titers for 24 quality control adult sera

Serum sample
no.a

Median OPA titer (50% killing) for
S. pneumoniae serotype:

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

380329 4 4 4 64 4 4 4
381039 16 4 32 256 8 64 8
380318 4 4 4 4 4 16 4
380773 256 16 8 2,048 4 128 4
380342 4 4 4 4 4 4 4
381399 4 4 4 4 8 4 4
380292 4 4 4 16 4 4 4
380807 64 4 128 4,096 128 16 8
380376 4 4 4 4 4 4 4
380847 4 4 4 1,024 32 4 4
380372 4 128 32 8 4 4 4
380964 32 128 128 1,024 32 16 4
380360 64 64 4 64 4 4 4
380828 128 64 256b 32b 256 64 4
380330 4 16 4 4 4 16 4
380638 32 64 64 4 64 256 8
380386 4 4 4 4 4 4 4
380859 4 16 64 512 4 16 4
380327 4 4 4 4 4 4 4
380808 64 4 64 256 128 128 128
380351 4 4 4 4 64 4 4
380824 2,048 64 64 512 64 16 1,024
380298 4 4 4 512 8 4 4
380860 128 256 128 2,048 256 512 128

a Each prevaccination serum sample is followed by its corresponding postvac-
cination serum sample. Other numerical designations for these sera are available
at the U.S. Pneumococcal Reference Laboratory website (www.vaccine.uab.edu).

b Serum sample for which 3 of the participating laboratories reported OPA
titers with a difference of �3 serum dilutions for serotypes 9V and 14.
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optimal for the calculation of OPA titers in test sera (12 paired
sera).

Interlaboratory variability. The percentage of sera within
one and two dilutions from the median titer were calculated
for each serotype and for each participating laboratory (Table

2). In general, participating laboratories were capable of de-
tecting OPA titers within one or two dilutions of the median
for at least 75 and 88%, respectively, of the sera tested. Figure
1 shows the reported OPA titers for serotypes 6B, 14, and 23F.
These serotypes are examples of low, medium, and high inter-
laboratory agreement among the OPA titers reported by the
participating laboratories. OPA titers tended to be more vari-
able (�3 dilutions from the median OPA titer) in sera with
higher OPA titers.

Agreement to the median OPA titer. The exact or true OPA
titer for each of the serum samples tested is not known; there-
fore, levels of agreement were determined based on the me-
dian value obtained from all participating laboratories. Serum
samples with OPA titers below the level of quantification of
the assay (a titer of �8) were expected among the 12 unvac-
cinated serum samples; however, this does not eliminate the
possibility of functional antibodies being induced by natural
exposure to the Pnc serotype tested. It is possible that OPA
activity is present in some of these sera if tested at a serum
dilution of 1:4. Samples at or above the minimum level of
quantification (a titer of �8), were expected among the 12

FIG. 1. Reported OPA titers (log2) for each quality control serum (a prevaccination serum is followed by its corresponding postvaccination
serum) for Pnc serotypes 6B (A), 14 (B), and 23F (C).

TABLE 2. Percentage of sera reported by each participating
laboratory within one and two dilutions of the calculated median

OPA titer

S. pneumoniae
serotype

% of sera within 1 and 2 dilutions of median OPA titer
from laboratory no.a:

1 2 3 4 5

4 88, 100 79, 88 100, 100 96, 96 96, 100
6B 75, 88 83, 100 56, 72 83, 88 88, 92
9V 63, 71 83, 88 75, 94 83, 96 83, 92
14 63, 83 75, 83 81, 94 92, 92 88, 92
18C 88, 96 88, 96 56, 69 88, 92 88, 100
19F 79, 96 88, 96 94, 100 96, 100 88, 100
23F 100, 100 100, 100 100, 100 96, 100 92, 96

a The first value given is the percentage of sera within one dilution of the
median OPA titer, and the second value given is the percentage of sera within
two dilutions of the median OPA titer.
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postvaccination serum samples. However, as shown in Fig. 1
for serotype 23F, we also found a high proportion of postvac-
cination sera with OPA titers of 4, especially for serotypes 4
and 23F (42 and 50%, respectively).

The median OPA titer for each serum sample was compared
to the laboratory’s reported OPA titer for each serum. The
total number of OPA titers in agreement or disagreement at a
given cutoff titer was calculated. Laboratories varied in the
level of agreement to the median OPA titers (Fig. 2). Labora-
tory 1 had lower agreements for serotypes 6B (0.33), 9V (0.13),
and 14 (0.50). Laboratory 2 had a lower agreement for sero-
type 14 (0.71). Laboratory 3 had lower agreements for sero-
types 6B (0.39) and 19F (0.65). Laboratory 4 had a lower
agreement for serotype 18C (0.55). Laboratory 5 reported
OPA titers with levels of agreement of �0.89 for all the sero-
types evaluated. The mean interlaboratory level of agreement
for serum samples with OPA titers above the minimum level of
quantification was calculated to be 0.8 (99% CI � 0.75 to 0.85).

OPA correlation with ELISA. We compared the median
OPA titers of 7 sera that were also included in a multilabora-
tory evaluation of Pnc ELISA IgG methods (18). The ELISA
IgG concentrations were obtained from the database reported
to CDC by the participating laboratories. This database was
used in the analysis that has been published previously by
Plikaytis et al. (18) and compared to the median OPA titers
obtained in this study. The overall correlation was r � 0.79, and
the slope was 1.2. The scatter grams for individual Pnc sero-
types are depicted in Fig. 3. All 7 sera were postvaccination
sera.

DISCUSSION

Measurement of functional antibody activity by opsonoph-
agocytosis has been recognized as an important aspect of Pnc
vaccine evaluation. The viability OPA has been successfully
implemented by multiple laboratories (12, 16, 17, 23), and it

has been recognized as the reference method for the evalua-
tion of other OPA methods. Opsonophagocytosis can be mea-
sured by many methods including flow cytometric, chromo-
genic, and radioisotopic assays (11, 12, 15, 16, 23, 24). We
provide the median OPA titers, as determined by this multi-
laboratory study, for a set of 12-paired sera (Table 1) to facil-
itate the evaluation of other OPA methods. This type of infor-
mation will help other investigators in the development and
validation of other standardized techniques that may be faster
(1-day assays or multiplex assays) in the determination of op-
sonophagocytosis elicited by Pnc vaccines.

When performing this multilaboratory study for OPA eval-
uation, the main obstacle encountered by most laboratories
was the manipulation of the HL-60 cells. The participating
laboratories had the tissue culture capacity; however, ensuring
effective differentiation of the HL-60 cells into PMN-like
phagocytic cells was difficult for some study participants.
HL-60 cells obtained from the American Type Culture Collec-
tion under the designation CCL240 were effectively differen-
tiated into PMN-like cells upon the addition of 100 mM DMF.
The use of disinfectants which could leave toxic residues in the
CO2 incubators, such as formaldehyde, phenol, or sodium hy-
pochlorite, should be avoided. Temperature, CO2 content, and
humidity should be constant during cell growth and differen-
tiation. Once the laboratories gained expertise and were famil-
iar with the differentiation protocol with DMF, the study ob-
jectives were met in a short period of time and the data were
submitted to CDC for analysis. Therefore, we recommend that
100 mM DMF is used for a period of 5 days at 37°C and 5%
CO2. Only HL-60 cells that have been actively growing to a

FIG. 2. Agreement (mean � 95% CI) of OPA titers compared to
the median OPA titers given in Table 1. The level of agreement to the
median was determined in 2 by 2 tables with the formula a/(a � c),
where a is the number of sera at or above the given titer by both the
test laboratory and the median and c is the number of sera below the
given titer by the test laboratory but at or above the given titer by the
median.

FIG. 3. Pearson’s product moment correlation coefficient (r �
0.79) between log2-transformed data for median OPA titers obtained
in this study and the ELISA IgG concentrations (in micrograms/mil-
liliter) assigned to a subset of 7 sera through a multilaboratory evalu-
ation of ELISA methods (18). The reference ELISA concentrations
for serum samples 380773 (96-730), 380807 (96-734), 380964 (96-738),
380828 (96-742), 380638 (96-744), 380808 (96-748), and 380860 (96-
752) were obtained from the database, as reported to CDC by the
participating laboratories. This database was used in the ELISA pre-
viously described by Plikaytis et al. (18). The correlation coefficient (r
� 0.76, slope � 1.19) between continuous OPA titers (laboratory 5)
and ELISA IgG concentrations (n � 49) was similar to the coefficient
shown in this figure for median OPA titers (discontinuous data).
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density of 4 � 105 to 7 � 105 cells/ml are used for differenti-
ation with DMF. The viability of undifferentiated and differ-
entiated cells is maintained over 90% in RPMI 1640 medium
supplemented with 20% fetal calf serum. For this viability
OPA, an inoculum of 2 � 105 HL-60 cells/ml should be used
for differentiation with a 20% carryover of tissue culture me-
dium from the undifferentiated cell stock. Initially, Romero-
Steiner et al. reported a high passage restriction for the differ-
entiation of HL-60 cells (21); however, if the above-mentioned
conditions are maintained, there is no longer a passage restric-
tion for the differentiation of this cell line (16). Differentiated
cells change from round cells to elongated sickle cell-like cells,
and they become phagocytic due to the expression of surface
receptors for iC3b, C3b, and Ig G (21). Although monitoring of
these receptors is not necessary for this assay, this change in
surface markers can be used as an indicator for optimal dif-
ferentiation. PMN-like HL-60 cells halt the cell division cycle.
This is observed in the laboratory as a stable cell count which
will eventually start to decline due to cell death. Tissue cultures
should be maintained free of mycoplasma contamination, and
cultures should be monitored periodically for the presence of
mycoplasma.

Other laboratories had difficulty in growing some of the Pnc
strains that were sent by CDC (in particular, serotypes 19F and
18C), therefore requiring additional shipments of strains. In
general, once all participants had all the materials needed and
had gained preliminary experience with the assay conditions,
the level of difficulty decreased and the completion of the study
became expedited. Most participants found the extended lab-
oratory protocol provided by the CDC useful. This protocol in
now available from a website (www.vaccine.uab.edu).

The level of agreement with the median OPA titers varied
depending on the participating laboratory. Laboratory 1 had
lower levels of agreement (�0.75) with the median OPA titers
for 3 of 7 serotypes evaluated. In contrast, laboratory 5 had
very high levels of agreement (�0.89) with the median OPA
titers for all serotypes tested. It was observed that most labo-
ratories were capable of obtaining OPA titers closer to the
median titer if the serum sample was below the level of quan-
tification of the assay. However, as the median OPA titer
increased, the reported OPA values diverged more from the
median and the level of agreement dropped in some cases.
Laboratory 3 had difficulties with the agreement of OPA titers
for Pnc serotype 18C. However, participation in this study
improved the level of agreement of laboratory 3 for this sero-
type after completion of the study. Although no clear technical
explanation exists for the differences observed (Table 1) with
serotypes 6B and 9V, it is possible that these differences may
be due to the quantity of capsular Ps during the growth of the
target strains (14). The use of the same Pnc reference strains
by different testing laboratories is highly recommended to in-
crease assay reproducibility.

This study provides a guide for laboratories that are imple-
menting OPA testing for Pnc vaccine evaluation. The viability
OPA can be performed in multiple laboratories with a high
degree of interlaboratory reproducibility (75 and 88% of the
sera tested were within one or two dilutions of the median
titer, respectively). When this viability method for determining
OPA titers has been compared to other OPAs, it has been
found to be highly sensitive for measuring OPA activity in sera

with low antibody concentrations from both infants and adults
(12, 23). This OPA highly correlates with the current ELISA
IgG method (18). The minimum level of quantification (a titer
of 8) of this OPA correlates with the minimum level of ELISA
IgG (0.2 �g/ml) conferring protection in infants vaccinated
with Ps conjugate vaccine, as recently reported (13). OPA
should be used for the evaluation of new Pnc Ps-based vac-
cines.
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