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A phagocytosis assay for Streptococcus pneumoniae based on flow cytometry (FACS) with human polymor-
phonuclear cells and human complement was developed for the study of human vaccination antisera. Human
prevaccination sera already contain high levels of C-polysaccharide (C-PS) antibodies, which are not protective
in humans but which might give false positive results in a flow-cytometry-based assay. Cultures of S. pneu-
moniae grown to log phase on three consecutive days, followed by heat inactivation, yielded stable and highly
encapsulated strains for serotypes 6A, 6B, 14, 19F, and 23F. As a result, only serotype-specific antibodies were
able to facilitate phagocytosis of these strains, whereas no phagocytosis was observed with antibodies against
C-PS or pneumococcal surface proteins. No, or weak, phagocytosis was observed with human prevaccination
sera, whereas in general, postvaccination antisera facilitated phagocytosis. A highly significant correlation was
observed between enzyme-linked immunosorbent assay titers and FACS phagocytosis titers (r 5 0.98, P <
0.001) for serotype 23F pneumococci with human vaccination antisera. For all serotypes, interassay variation
was below 10%. Major advantages of this assay over the classical killing assay are that (i) limited amounts of
sera are required (10 ml per titration curve), (ii) 600 samples can be processed in one day by one person, and
(iii) cells can be fixed and measurement of the samples can be performed up to 1 week later.

A number of pneumococcal saccharide-protein conjugate
vaccines are currently under development and entering phase
III trials (10, 35). In addition to other tests (enzyme-linked
immunosorbent assays [ELISA], avidity-affinity tests), the ef-
ficacy of these vaccines is ultimately assessed by comparing the
incidence of pneumococcal disease in the vaccinated versus
nonvaccinated group. The incidence of disease caused by se-
rotypes included in these multivalent vaccines varies, which
makes it difficult to evaluate the efficacy of each component.
Moreover, their composition must be adapted depending on
the geographical area and probably also over time (13, 15, 25).
Therefore, the introduction of this type of vaccine would be
enormously facilitated by the availability of assays measuring in
vitro parameters that correlate with in vivo protection.

Antibody-complement-dependent phagocytosis is the crucial
defense mechanism against Streptococcus pneumoniae. The
ability of serotype-specific antibodies to provide protection
against infections with S. pneumoniae is beyond doubt, whereas
the protective capacity of anti-pneumococcal surface protein
antibodies remains to be established (4). The method most
commonly used to measure levels of serotype-specific antibod-
ies in the serum is the ELISA. This method determines the
amount and isotype distribution of the antibodies present, but
provides no direct information about antibody function. In
addition, the correlation between antibody titer and protection
depends on the pneumococcal serotype (14, 20, 34). One of the
in vitro parameters that therefore provides essential informa-

tion about the functioning of antibodies is their ability to pro-
mote phagocytosis as determined by phagocytosis assays based
on flow cytometry (FACS) or radioactivity or classical killing
assays (1–3, 8, 11, 16, 18, 21, 26, 30, 33, 37).

For human vaccination sera, conflicting data for the relation
between antibody response and phagocytosis exist. Most stud-
ies have shown a weak or nonexistent relationship between
these parameters (7, 17, 19, 22, 26), although a good correla-
tion has also been reported (5, 11). These differences can in
part be attributed to the differences in methodology used for
measuring phagocytosis, e.g., differences in concentrations of
bacteria and sera. More important, however, is the role of
anti-cell-wall-polysaccharide (C-PS) antibodies. C-PS antibod-
ies can mask the relationship between phagocytic activity and
antibody concentration. Viôarsson et al. demonstrated that the
correlation between ELISA titers and phagocytosis titers im-
proved when the antisera were absorbed with C-PS before the
antibody concentration was measured (37). Depending on the
phagocytosis assay conditions, C-PS antibodies can facilitate
phagocytosis (36a). C-PS antibodies, however, are not protec-
tive in humans, and human prevaccination sera usually contain
high concentrations of these antibodies (9, 24, 27, 28, 31, 36,
37). Therefore, C-PS antibody-mediated phagocytosis should
be minimized in phagocytosis assays. In principle, this can be
achieved by minimizing the accessibility of C-PS by selecting
highly encapsulated strains. An alternative strategy is to pre-
absorb the serum with C-PS.

Phagocytosis can be assessed by the classical killing assays
and assays based on radioactivity or FACS. Previously, we
developed a pneumococcal phagocytosis assay for mouse an-
tisera based on FACS (1, 2). This assay gave an excellent
correlation with antibody titers and protection as measured in
a mouse challenge model (3). In the present study, this assay
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was adapted for use with human sera obtained from persons
vaccinated with pneumococcal conjugate vaccines. To deter-
mine the best method for minimizing the influence of anti-
C-PS antibodies, the application of highly encapsulated strains
and preabsorption of antisera with C-PS was evaluated. Highly
encapsulated strains (serotypes 6A, 6B, 14, 19F, and 23F) were
obtained by growing pneumococcal strains to log phase on
three consecutive days (28). As a result, only serotype-specific
antibodies were able to promote phagocytosis of these strains.
Using these strains, our FACS-based phagocytosis assay gave
an excellent correlation with ELISA antibody concentrations.
Our assay is now operational for the pediatric pneumococcal
serotypes 6A, 6B, 14, 19F, and 23F, but can easily be set up for
other serotypes when required.

MATERIALS AND METHODS

Growing of bacteria. S. pneumoniae serotypes 6A, 6B, 14, 19F, and 23F
(ATCC strains; a kind gift of J. Henrichsen and U. B. Sørensen, Statens Serum-
institut, Copenhagen, Denmark) were plated on blood agar plates and grown
overnight at 37°C in a 5% CO2 atmosphere. Three milliliters of Todd-Hewitt
broth supplemented with 0.5% yeast extract (E. Merck Mikrobiologie, Darm-
stadt, Germany) was then inoculated with the strains (optical density at 660 nm
[OD660] of 0.05 to 0.08). Bacteria were grown either to log phase, to stationary
phase, or to log phase three times in order to obtain highly encapsulated strains.
For growing bacteria three times to the log phase, 3 ml of Todd-Hewitt broth
supplemented with 0.5% yeast extract and 5% heat-inactivated human pooled
serum was inoculated with S. pneumoniae (OD660 of 0.05 to 0.08). Cultures were
grown 4 to 5 h to the log phase (OD660 of approximately 0.5) and then stored
overnight at 4°C. For the second culture, 3 ml of fresh medium was inoculated
with the previous culture (OD660 of approximately 0.5), grown to the log phase,
and stored overnight at 4°C. Likewise, a third culture was started from the second
culture and grown to the log phase. Absence of contamination by other organ-
isms was checked by plating the bacteria on blood agar plates. Bacteria from the
third culture were washed once with phosphate-buffered saline (PBS) (2,520 3
g, 15 min, 4°C) and resuspended in PBS to an OD660 of 1.0.

Inactivation of S. pneumoniae strains. Before and after inactivation, the bac-
teria were resuspended in PBS to an OD660 of 1.0 (approximately 109 bacteria/
ml). Three different methods were evaluated for the inactivation of the pneu-
mococcal autolysins. The first was formaldehyde killing, in which formaldehyde
(54 ml per ml of bacterial suspension) was added slowly with stirring. Bacterial
suspensions were incubated for 1 h at 37°C, centrifuged, and washed twice with
PBS. The second was heat killing, in which bacterial suspensions were incubated
for 1 h at 60°C and washed once with PBS. The third method was killing with
70% ethanol, in which bacteria were spun down and resuspended in the same
volume with 70% ethanol. After incubation for 1 h at 4°C, the bacteria were
washed twice with PBS.

Fluorescence labeling of pneumococcal strains. Bacteria were labeled with a
0.5-mg/ml solution of fluorescein isothiocyanate (FITC, Isomer I; Sigma Chem-
ical Co., St. Louis, Mo.) in PBS for 1 h at 4°C. Bacteria were washed twice with
Hanks’ balanced salt solution containing 1% bovine serum albumin (BSA-
HBBS), resuspended in BSA-HBSS to an OD660 of 1.0, and stored at 220°C in
100-ml amounts (108 bacteria).

Rabbit antisera. Adult female New Zealand White rabbits of about 3 kg were
supplied by Iffa-Credo, Someren, The Netherlands, and maintained at the Cen-
tral Laboratory of Experimental Animals (Utrecht University, Utrecht, The
Netherlands). These rabbits were immunized subcutaneously at four sites with a
total of 100 mg of a C-polysaccharide-keyhole limpet hemocyanin conjugate in
Freund’s complete adjuvant (the ratio of polysaccharide to protein was 0.6;
volume, 0.8 ml). A booster injection was given at day 22, and serum was obtained
at day 31 (titer, 105, as determined by ELISA). Other rabbits were injected with
serotype 6B, 14, 19F, or 23F formalin-killed S. pneumoniae in Freund’s complete
adjuvant (total volume, 0.8 ml). Booster injections were given intraperitoneally in
incomplete Freund’s adjuvant at days 14, 21, and 28 after the first immunization
with 5 3 108, 1 3 109, and 5 3 109 bacteria, respectively. After 2 months’ rest,
the immunization scheme was repeated. The rabbits were bled at days 0, 14, 35,
57, and 112 after the first immunization. Rabbit anti-pneumococcal protein
antisera were kindly provided by Karin Overweg, Laboratory of Pediatrics, Eras-
mus University, Rotterdam, The Netherlands. These rabbits were injected and
boosted with pneumococcal serotypes 4 and 19F hydrophobic protein fractions.

Human antisera. Human pneumococcal S6A and S23F bivalent conjugate
antisera were kindly provided by Wyeth-Lederle Vaccines and Pediatrics, Roch-
ester, N.Y. Human antisera used for the evaluation of the reproducibility of the
assay were a generous gift of G. Rijkers, Department of Immunology, Wil-
helmina kinderziekenhuis, University Hospital for Children and Youth, Utrecht,
The Netherlands. All sera were heated at 56°C for 30 min to inactivate comple-
ment components.

Isolation of human complement. Human pooled serum was depleted of im-
munoglobulin G (IgG) by protein G affinity chromatography (Pharmacia Bio-

tech, Roosendaal, The Netherlands) and stored at 270°C. Depleted sera did not
contain detectable IgG levels (LC-Partigen IgG, Behringwerke AG, Malburg,
Germany), and complement activity (as determined by a CH50 assay [23]) was
conserved for at least 60% of each portion compared to undepleted source
serum.

Isolation of human PMN cells. Human polymorphonuclear (PMN) cells were
isolated from the blood of healthy volunteers. A total of 30 ml of heparinized
blood of a single donor was mixed with 30 ml of PBS (pH 7.4), layered on
Ficoll-Histopaque gradient, and centrifuged for 20 min at 400 3 g. The cell
pellet, containing PMN cells and erythrocytes, was depleted of erythrocytes by
two consecutive hypotonic shocks (6).

Phagocytosis assay. The assay was adapted from Alonso de Velasco et al. (1,
2). In short, dilutions of heat-inactivated serum and complement, which was
diluted to a fixed concentration of 2% (final concentration in the assay), were
made in BSA-HBSS and pipetted into round-bottomed microtiter plates
(Greiner Labortechnik, Alphen aan de Rijn, The Netherlands). Samples of 2.5 3
106 pneumococci were added to each well. Opsonization was performed in a total
volume of 50 ml at 37°C with shaking on a microtiter plate agitator. After 30 min
of opsonization, the plates were placed on ice and 2.5 3 105 PMN cells in 50 ml
of BSA-HBSS were added to each well. Phagocytosis was performed for 30 min
at 37°C with shaking. An incubation time of 30 min leads to ingestion of all
adherent pneumococci (29). After a wash with ice-cold BSA-HBSS, the cells
were transferred to FACS tubes, fixed with paraformaldehyde (2%) in PBS, and
analyzed in a flow cytometer (FACScan; Becton Dickinson, Mountain View,
Calif.). The percentage of FITC-positive PMN cells was used as a measure of the
phagocytic activity of serum. Percentages of FITC-positive PMN cells were
corrected for the percentage of FITC-positive PMN cells of the negative control
(without antiserum) (Fig. 1). Results are expressed as 25% phagocytosis titers,
calculated by linear regression as the serum dilutions resulting in 25% FITC-
positive PMN cells.

Inhibition of phagocytosis was performed by preincubating the sera overnight
at 4°C with 100 mg of C-PS or serotype-specific polysaccharides/ml. Inhibition
was calculated as follows: (phagocytosis titer without inhibitor 2 phagocytosis
titer with inhibitor) 3 100%/phagocytosis titer without inhibitor.

ELISA. The ELISA was performed as previously described (32). Serotype-
specific polysaccharide was obtained from the American Type Culture Collection
(Rockville, Md.) for use as antigen. Specimens were preadsorbed with C-poly-
saccharide-enriched absorbent prepared by Wyeth-Lederle Vaccines and Pedi-
atrics and quantitated against lot 89SF (Center for Biological Research and
Evaluation, Food and Drug Administration, Washington, D.C.).

Statistical analysis. The coefficient of variation was obtained after log trans-
formation by the following formula: (standard deviation/mean) 3 100. Correla-
tions between ELISA titers and FACS phagocytosis titers were analyzed by
linear regression tests. Statistical significance of correlations was assessed by
Student’s t test. A P value of ,0.05 was considered statistically significant.

RESULTS

Effect of pneumococcal growth phase on phagocytosis. Most
human antisera contain antibodies directed against C-PS of S.
pneumoniae (31), which probably facilitate phagocytosis of
poorly encapsulated strains. Therefore, in order to develop a
serotype-specific phagocytosis assay, highly encapsulated
strains are required. First, the effect of the growth phase on
encapsulation was examined. To measure the effect of encap-
sulation, a strain grown to log phase and a strain grown to
stationary phase were opsonized with either a rabbit anti-C-PS
antiserum or a serotype-specific antiserum, and phagocytosis
was measured. The strain grown to log phase displayed rela-
tively low phagocytosis with the C-PS antiserum compared to
the capsular polysaccharide antiserum, whereas the strain
grown to stationary phase gave strong phagocytosis with the
C-PS antiserum compared to the serotype-specific antiserum.
Both antisera strongly promoted phagocytosis of the stationary
strain, indicating that although the strain is less well encapsu-
lated, its phagocytosis with the serotype-specific antiserum is
maintained (Fig. 2A and B).

C-PS preincubation. In order to diminish the influence of
C-PS antibodies on phagocytosis, anti-C-PS antisera were pre-
incubated with C-PS. Phagocytosis assays were subsequently
performed with a stationary-phase strain (Fig. 2C) and a log-
phase strain (Fig. 2D). For strains grown to both phases, C-PS
antibody-mediated phagocytosis was strongly reduced by this
preincubation. In contrast, no effect was observed for the
phagocytosis mediated by the serotype-specific antiserum (data
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FIG. 1. (a) PMN cell gating (R1) based on their specific forward (FSC) and
right angle (SSC) light scatter. (b) Analysis of phagocytosis of fluorescence-
labeled S. pneumoniae by PMN cells. The histograms show FITC-positive and
-negative PMN cells (discriminated by marker M1) for different serum concen-
trations: 10% (A), 2% (B), 0.4% (C). Negative controls: PMN cells without
serum (D), PMN cells without serum and complement (E), PMN cells only (F).
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not shown). However, in general, complete preabsorption of
C-PS antibodies with C-PS was difficult to achieve. Therefore,
another method was investigated for eliminating the influence
of C-polysaccharide antibodies in the FACS-based assay.

Strains grown to log phase three times. Nielsen et al. de-
scribed a method for obtaining highly encapsulated strains by
growing strains to log phase three times consecutively (28).
Such highly encapsulated strains were tested in the phagocy-
tosis assay with both the serotype-specific and anti-C-PS anti-
sera. The serotype-specific antiserum strongly promoted
phagocytosis, whereas almost no phagocytosis was observed
with the anti-C-PS antiserum (Fig. 3). Identical results were
obtained for serotypes 6A, 6B, 14, and 23F (data not shown).

Inactivation. When live strains were used, some C-PS anti-
body-mediated phagocytosis was observed in some of the ex-
periments. S. pneumoniae produces enzymes (autolysins) that
can cause lysis of the bacterium and probably also partial
release of the capsule (12). Killing the bacteria leads to inac-

tivation of these enzymes (12). Three different methods for
killing the pneumococci were evaluated: heat inactivation, kill-
ing by ethanol, and killing by formaldehyde. Heat inactivation
and formaldehyde treatment both resulted in the absence of
phagocytosis with anti-C-PS antibodies, whereas with ethanol
treatment some residual phagocytosis was detected (Fig. 4).
The strongest phagocytosis with the serotype-specific serum,
however, was observed when heat inactivation was used.
Therefore, subsequent experiments were performed with heat-
inactivated strains grown to log phase three times. Strains
treated in this way can be stored at 220°C for at least half a
year without losing the properties described above (data not
shown).

Anti-protein antibodies. In addition to C-PS antibodies, hu-
man antisera are expected to contain antibodies to surface
proteins of S. pneumoniae. Encapsulation will probably influ-
ence the ability of these anti-protein antibodies to facilitate
phagocytosis. To investigate this possibility, rabbit pre- and

FIG. 2. Effect of growth phase and C-PS preincubation on anti-C-PS antibody-mediated phagocytosis. A serotype 14 strain was grown to the stationary phase (panels
A and C) or the log phase (panels B and D) and tested with an antiserum against C-PS and serotype 14 pneumococci. (A) Phagocytosis of the stationary-phase strain
with an antiserum against C-PS (■) and serotype-specific antiserum (Œ). (B) Phagocytosis of log-phase strain with an antiserum against C-PS (■) and serotype-specific
antiserum (Œ). (C) Preincubation of a C-polysaccharide antiserum with C-polysaccharide before opsonization of a stationary strain. C-polysaccharide antiserum was
used alone (‚) or preincubated with C-PS (h). (D) Influence of C-PS preincubation and the use of the log-phase strain on C-PS antibody-mediated phagocytosis.
C-polysaccharide antiserum was used alone (‚) or preincubated with C-PS (h).
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postvaccination sera against hydrophobic pneumococcal pro-
teins of serotypes 4 and 19F pneumococci were used. A sero-
type 19F strain was grown either to stationary phase or to log
phase three times and heat inactivated. The anti-protein anti-
serum was only able to promote phagocytosis of the stationary
grown strain, whereas no phagocytosis was observed with the
strain grown to log phase three times (Fig. 5).

Capsular polysaccharide preincubation. To demonstrate
that only serotype-specific phagocytic antibodies are detected
when heat-inactivated strains grown to log phase three times
are used, sera were absorbed with serotype-specific polysac-
charide or C-PS. For all serotypes, preincubation of the sero-
type-specific serum with serotype-specific polysaccharides re-
sulted in a strong inhibition of phagocytosis, whereas no

inhibition was observed after serum absorption with C-PS (Fig.
6).

Correlation with ELISA. Phagocytosis of pneumococci is
mediated by antibodies in cooperation with complement. To
investigate the relationship between antibody concentration
and phagocytosis titer, antibody concentrations and phagocy-
tosis titers were determined in 46 human pre- and postvacci-
nation antisera. Sera were heat inactivated, and human IgG-
depleted pooled serum was used as an exogenic complement
source (Fig. 7). No, or weak, phagocytosis was observed for
prevaccination sera, whereas, in general, postvaccination anti-
sera gave phagocytosis. A strong, highly significant correlation
was observed between IgG antibody concentrations and
phagocytosis titers (r 5 0.98, P , 0.001). Without complement,

FIG. 3. Anti-C-PS antibodies do not promote phagocytosis of highly encap-
sulated strains. A serotype 19F strain was tested with an antiserum against C-PS
(■) and 19F pneumococci (Œ).

FIG. 4. Comparison of the effect of three inactivation methods on phagocy-
tosis mediated by anti-C-PS and serotype-specific antisera. Serotype 19F strains
were inactivated by heat (60°C) (circles), 2% paraformaldehyde (triangles), or
70% ethanol (squares) and phagocytized by an antiserum against C-PS (open
symbols) or 19F pneumococci (closed symbols).

FIG. 5. Rabbit anti-pneumococcal protein antisera do not promote phago-
cytosis of heat-inactivated strains grown to log phase three times. A serotype 19F
strain, grown to stationary phase (closed symbols) or to log phase three times
(open symbols) was tested with rabbit prevaccination (trangles) and postvacci-
nation (squares) sera against hydrophobic protein fractions.

FIG. 6. Competitive inhibition of phagocytosis with C-polysaccharide or se-
rotype-specific polysaccharide. Rabbit antisera were preincubated with either
C-polysaccharide or serotype-specific polysaccharide, and a phagocytosis assay
was performed with the highly encapsulated strains. Figure shows preincubation
with C-polysaccharide (open bars) and with serotype-specific polysaccharides
(hatched bars) (n 5 3).
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similar results were obtained (r 5 0.97), but no phagocytosis
was observed for prevaccination antisera (data not shown).

Coefficient of variation. The reproducibility of the phagocy-
tosis assay for each serotype was determined by measuring the
phagocytosis titers of a serotype-specific rabbit antiserum and
a human conjugate vaccine antiserum on five different days.
For all serotypes, with rabbit antisera, interassay variation was
below 5%, whereas human antisera gave an interassay varia-
tion below 10% (Table 1).

DISCUSSION

This report describes a pneumococcal phagocytosis assay
which predominantly measures phagocytosis mediated by se-
rotype-specific antibodies. Rabbit hyperimmune antisera di-
rected against either C-PS or surface proteins failed to pro-
mote phagocytosis in this assay. Moreover, in contrast to C-PS,
only preincubation of the sera with serotype-specific polysac-
charide could inhibit phagocytosis.

The accessibility of C-PS on pneumococci was minimized by
selecting for highly encapsulated strains. This was achieved by
growing the strains three times to the log phase in the presence
of 5% human pooled serum (HPS). A possible mechanism for
the effect of this procedure is that C-PS antibodies present in
the HPS cause agglutination and thereby inhibit growth of
poorly encapsulated strains. In this way, each subsequent cul-
ture is enriched with highly encapsulated pneumococci. To

ensure that every experiment was performed with highly en-
capsulated pneumococci, stocks of pneumococci were regu-
larly tested for the absence of phagocytosis with the rabbit
anti-C-PS antiserum. Therefore, anti-C-polysaccharide anti-
serum can be used as an easy quality control for strain encap-
sulation.

When live, highly encapsulated bacterial stocks were used,
particularly those of strain 23F, appearance of C-polysaccha-
ride antibody-mediated phagocytosis was observed after freez-
ing and thawing, probably due to the release and activation of
pneumococcal enzymes (autolysins). Comparing methods for
inactivating these enzymes, such as heat treatment, ethanol
fixation, and paraformaldehyde fixation, indicated that heat
inactivation for 1 h at 60°C gave the best results (Fig. 4).
Strains treated this way gave no phagocytosis with the anti-C-
polysaccharide antiserum and the strongest phagocytosis with
the serotype-specific antiserum. A potential disadvantage of
the use of heat treatment is the potential denaturation of
protein epitopes on the pneumococcus. Therefore, when the
purpose is to evaluate the opsonic capacity of anti-pneumo-
coccal protein antibodies, live and heat-inactivated strains
should initially be compared.

Interassay variation of the FACS-based assay was excellent
and in the same range as that recently reported for the classical
killing assay in which HL-60 cells were used as a source of
phagocytes (33). With rabbit antisera, the interassay variation
was below 5% for all serotypes, whereas with human antisera,
an interassay variation of around 10% was observed (Table 1).
Part of this difference is probably due to Fcg polymorphisms
on the PMN cells used. For testing of the human antisera, care
was taken to use donors who were either heterozygous or
homozygous for FcgRIIa-131H. These donors, however, pos-
sessed different FcgRIIIb receptors, which affects the phago-
cytosis mediated by IgG1 and IgG3 antibodies (NA1/NA2).
Rabbits produce only a single type of IgG, and as far as we
know, the interaction with human FcgRIIa and FcgRIIIb is
not dependent on the polymorphisms of these receptors. The
influence of FcgRIIa and FcgRIIIb polymorphisms on the
performance of the phagocytosis assay is currently under in-
vestigation in our laboratory.

To evaluate the performance of the FACS-based assay with
human antisera, the phagocytic capacities of pre- and postvac-
cination sera obtained from adults vaccinated with various
conjugate vaccines or Pneumovax were determined. Indepen-
dent of antibody concentrations, no phagocytosis was observed
for prevaccination antisera without addition of complement,
suggesting that these prevaccination sera probably contained
phagocytic IgM antibodies. Comparison of the FACS-based
phagocytosis titers and the IgG antibody concentrations dem-
onstrated a strong and highly significant correlation between
these two parameters. In this respect, the FACS-based phago-
cytosis assay adapted for use of human antisera displayed char-
acteristics identical to those of our previously described assay
for mouse antisera, in which we used the J774 mouse cell line
(2, 3). This assay not only correlated strongly with the serotype-
specific IgG and IgM antibody levels but was (in combination
with the IgG antibody levels) also the best predictor of survival
of vaccinated mice upon challenge with a lethal dose of pneu-
mococci (3).

The classical killing assay is considered to be the “gold stan-
dard” for the assessment of the phagocytic capacity of antisera.
That assay, however, is cumbersome to perform, only a limited
number of antisera (at most 30) can be processed per assay,
and the test has to be evaluated the next day (33). With the
FACS-based assay, 600 samples (150 antisera/4 serum dilu-
tions) can be processed in 1 day by one person. Moreover, the

FIG. 7. Correlation between ELISA IgG titers and FACS-based phagocyto-
sis titers for human prevaccination (E) and postvaccination (F) sera. ELISA
titers and phagocytosis titers were determined for 48 pre- and postvaccination
antisera.

TABLE 1. Interassay coefficients of variation for rabbit and
human antiseraa

Serum type
Coefficient of variation for serotype:

6A 6B 14 19F 23F

Rabbit 2.6 3.3 1.3 1.5 2.6
Human 8.5 0.8 7.5 NDb 7.8

a Sera were tested on five different days with different donors. For human
antisera, only donors either homozygous or heterozygous for FcgRIIa-131H
were used.

b ND, not determined. For serotype 19F, the coefficient of variation with
human antiserum could not be determined due to absence of an appropriate
antiserum.
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cells can be fixed and the flow cytometry can be performed up
to 1 week later. In addition, in the FACS-based assay, the
results are measured by a machine and analyzed by computer,
whereas with the classical killing assay, the colonies are scored
by eye, leading more easily to human errors. Moreover, the use
of antibiotics by patients or vaccinated people affects the out-
come of the killing assay. The FACS-based assay uses inacti-
vated strains and is therefore not affected by the presence of
antibiotics.

Upon comparison of our FACS-based assay with the killing
assays described in the literature, at first sight, our FACS-
based assay seems to be less sensitive (33). There are, however,
essential differences between both assays. To avoid bacterial
outgrowth, effector/target ratios used in classical killing assays
vary from 100:1 to 500:1, and baby rabbit serum is utilized as
the complement source. The FACS-based assay uses an effec-
tor/target ratio of 1:10 and human complement. At the mo-
ment, it is difficult to establish what type of assay correlates
best with in vivo protection in humans or animals, but effector/
target cell ratios during pneumococcal infections of 100:1 to
500:1 seem to be less likely compared to an effector/target ratio
of 1:10. In addition, the FACS-based assay for mouse antisera
is an excellent predictor of the survival of vaccinated mice after
challenge with pneumococci (3). The question raised above,
however, can probably be answered only at the end of the
current phase III pneumococcal conjugate trials. Large num-
bers of antisera have to be evaluated for their phagocytic
capacity by both assays, and the correlation with protection has
to be established. In particular, sera obtained from toddlers
who are infected with S. pneumoniae despite having being
vaccinated will be important to study. At the moment, we are
in the process of setting up interlaboratory studies on the
correlation between FACS phagocytosis titers and classical
killing titers.

In conclusion, the FACS-based assay is an easy-to-perform
method for measuring the phagocytic capacity of large num-
bers of pneumococcal vaccine antisera. It has low interassay
variation and displays a good correlation with postvaccination
IgG concentrations.
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37. Viôarsson, G., I. Jonsdottir, S. Jonsson, and H. Valdimarsson. 1994. Opso-

nization and antibodies to capsular and cell wall polysaccharides of Strepto-
coccus pneumoniae. J. Infect. Dis. 170:592–599.

710 JANSEN ET AL. CLIN. DIAGN. LAB. IMMUNOL.

 on January 26, 2021 by guest
http://cvi.asm

.org/
D

ow
nloaded from

 

http://cvi.asm.org/

