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Protection against infections with Streptococcus pneumoniae depends on the presence of antibodies against
capsular polysaccharides that facilitate phagocytosis. Asplenic patients are at increased risk for pneumococcal
infections, since both phagocytosis and the initiation of the antibody response to polysaccharides take place in
the spleen. Therefore, vaccination with pneumococcal polysaccharide vaccines is recommended prior to sple-
nectomy, which, as in the case of trauma, is not always feasible. We show that in rats, vaccination with a
pneumococcal conjugate vaccine can induce good antibody responses even after splenectomy, particularly after
a second dose. The spleen remains necessary for a fast, primary response to (blood-borne) polysaccharides,
even when they are presented in a conjugated form. Coadministration of a conjugate vaccine with additional
nonconjugated polysaccharides of other serotypes did not improve the response to the nonconjugated poly-
saccharides. We conclude that pneumococcal conjugate vaccines can be of value in protecting asplenic or
hyposplenic patients against pneumococcal infections.

Protection against infections with encapsulated bacteria
such as Streptococcus pneumoniae depends on the presence of
antibodies against capsular polysaccharides. These serotype-
specific antibodies facilitate phagocytosis, the main mode of
host defense against S. pneumoniae. The spleen is an important
organ in the immune response to S. pneumoniae, since it con-
tains both antibody-producing B cells and phagocytes (4, 26).
Asplenic patients are therefore at increased risk for invasive
infections with S. pneumoniae (13). Although most infections
occur within the first few years after splenectomy, the risk of
overwhelming postsplenectomy infections is lifelong (9, 36).
Therefore, vaccination against S. pneumoniae is indicated for
this group. At present, the vaccine available for this aim is the
23-valent pneumococcal polysaccharide (PPS) vaccine (1). The
immunogenicity of PPS vaccine in splenectomized patients has
been assessed in a number of trials. Some studies have shown
the effectiveness of vaccination in inducing protective concen-
trations of specific antibodies (5, 10, 24, 33), while others have
shown limited serological responses (15). As the initiation of
the antibody response to polysaccharides seems to depend on
the presence of splenic tissue, and in particular on a functional
marginal-zone B-cell compartment (3, 14, 18, 34), it may be
expected that polysaccharide vaccines are of limited use in
asplenic patients.

The physical coupling of a polysaccharide to a carrier pro-
tein greatly improves the immunogenicity of the polysaccha-
ride, a principle first described in 1929 (11). Conjugated poly-

saccharides overcome the antipolysaccharide unresponsiveness
in early life (2, 8), which is thought to be due to a still immature
splenic marginal-zone B-cell compartment (2). The induction
of antipolysaccharide antibodies by conjugate vaccines at a
young age suggests that conjugates might initiate the antipoly-
saccharide antibody response in the absence of a functional
splenic marginal-zone B-cell compartment. The recently devel-
oped pneumococcal conjugate vaccines (PCV) may thus be of
value in the management of hypo- and asplenic patients.

To test the hypothesis of the relative splenic independence
of the antipolysaccharide antibody response after conjugate
vaccination, we studied the immunogenicity of a tetravalent
PCV after splenectomy. We used a rat model for which it was
previously shown that splenectomy had a clearly negative effect
on the antipolysaccharide antibody response (21). Because
PCV contain only a limited number (4 to 11) of pneumococcal
serotypes compared with the number contained by 23-valent
PPS vaccines, we studied the potential benefit of admixture of
additional polysaccharides with the PCV. We also studied the
effect of booster immunization. Since the spleen is the only site
of specific antibody production very early after exposure to
blood-borne antigens, we compared antibody responses after
immunization via two different routes, the subcutaneous (s.c.)
and intravenous (i.v.) routes, or by the s.c. route alone.

MATERIALS AND METHODS

Animals, splenectomy, and immunization. This study was approved by the
University of Groningen Institutional Review Board. Young adult male Wistar
rats (n � 60; Harlan, Horst, The Netherlands) of approximately 200 g each were
housed under standard laboratory conditions on a 12-h light–12-h dark cycle.
They were fed standard laboratory rat food (Hope Farms, Inc., Woerden, The
Netherlands) and tap water ad libitum. Splenectomy was performed 6 weeks
before vaccination on 30 rats via an upper midline incision under clean, but not
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sterile, conditions (27). At time zero and 28 days later, both the splenectomized
rats and control rats were immunized with one of the vaccines described below.
In the first series, animals were simultaneously immunized with 0.5 ml of vaccine
s.c. as well as 0.5 ml i.v. in the tail vein. In the second series of experiments, the
vaccine (0.5 ml) was administered s.c. only. Each experimental group consisted
of five rats. All rats were marked individually to allow antibody titers to be
analyzed longitudinally for single rats.

At time zero and at days 5, 28, 33 (5 days after the second vaccination), and 56
(28 days after the second vaccination), blood was obtained from the tail vein
(time points were based on previous experience [Breukels et al., unpublished
data]). Blood was allowed to clot on ice for 2 h. Serum samples were stored at
�20°C until time of analysis.

Vaccines. (i) PPS. PPS serotypes 4, 6B, 9V, 14, 19F, and 23F (American Type
Culture Collection [ATCC], Manassas, Va.) were dissolved in 0.9% NaCl to
reach a concentration of 5 �g/ml for each serotype. Each 0.5-ml dose of this PPS
vaccine compares to 1/10 of the human dose.

(ii) PCV. We used a tetravalent PCV (National Institute of Public Health and
the Environment, Bilthoven, The Netherlands) consisting of 50-kDa polysaccha-
rides of pneumococcal serotypes 6B, 14, 19F, and 23F, conjugated to tetanus
toxoid carrier protein via a cysteamine linker (28), with aluminium phosphate as
an adjuvant. This conjugate was then mixed with unconjugated polysaccharide
serotypes 4 and 9V (ATCC). Each 0.5-ml dose of this vaccine (PCV) contained
0.36 �g of polysaccharides of serotypes 14, 19F, and 23F; 1.08 �g of polysaccha-
rides of serotype 6B; and 2.5 �g of the unconjugated PPSs of serotypes 4 and 9V.

Type-specific anti-pneumococcal antibody determinations. Levels of serum
immunoglobulin G (IgG) against all six polysaccharides included in the two
vaccines (serotypes 4, 6B, 9V, 14, 19F, and 23) were measured by enzyme-linked
immunosorbent assay (ELISA). All serum samples were preincubated overnight
with excess free common cell wall polysaccharide to neutralize anti-common cell
wall polysaccharide antibodies (12, 25).

Microtiter plates (Greiner Labortechnik, Langerthal, Germany) were coated
with pneumococcal capsular polysaccharides (ATCC; 10 �g/ml in 0.9% NaCl)
and stored overnight at 37°C. Subsequently, plates were washed with phosphate-
buffered saline (PBS)–0.05% (vol/vol) Tween 20 and incubated with serial dilu-
tions of serum samples in PBS–0.05% Tween 20–1% (vol/vol) bovine serum
albumin. After being washed (PBS–0.05% Tween 20), the plates were incubated
for 2 h (37°C) with peroxidase-labeled goat anti-rat IgG (Southern Biotechnol-
ogy Associates, Birmingham, Ala.). After the plates were washed and incubated
with an enzyme substrate for 20 min at room temperature, absorbance was read
at 450 nm on a Millennia ELISA reader (Flow Laboratories, Inc., Irvine, Calif.).

Serum samples from individual rats obtained prevaccination and at the differ-
ent time points after vaccination were analyzed simultaneously. The antibody
concentrations in the serum samples were calculated by comparison with the
antibody concentrations of a rat hyperimmune serum pool generated from the
sera of rats vaccinated with a heptavalent PCV (Prevnar; Wyeth Lederle Vac-
cines and Pediatrics, Rochester, N.Y.; containing serotypes 4, 6B, 9F, 14, 18C,
19F, and 23F) or a 23-valent PPS vaccine (Pneumovax; Merck, West Point, Pa.).
This pool was included in every ELISA run as a standard. The antibody concen-
trations in this hyperimmune pool were considered to be 100 U/ml (100%) for
each serotype; antibody titers were expressed in units per milliliter. Based on
comparison of optical density readings, type-specific antibody concentrations in
this hyperimmune standard were highest for serotypes 4, 9F, and 19F and lower
for serotypes 6B and 23F. Both the hyperimmune serum pool and the individual
postimmunization samples showed low optical density readings for serotype 14.
No reliable anti-polysaccharide 14 antibody titers could therefore be assigned to
sera after vaccination; only trends in antibody titers could be documented.

Statistical analysis. Serological data from rats of the different vaccine groups
(five rats per group) were analyzed and compared for statistically significant
differences by using the Mann-Whitney U test. P values of �0.05 were consid-
ered significant.

RESULTS

Splenectomy impairs the antibody response to PPS. In con-
trol rats, vaccination with the 6-valent PPS mixture induced a
clear IgG response to all serotypes except serotype 14 (Fig. 1,
left panels; data for serotype 14 are not shown). Maximal
geometric mean antibody titers, obtained on day 5, ranged
from 21 to 57 U/ml. In splenectomized rats, maximum geomet-
ric mean antibody titers were significantly (P � 0.01) lower and
remained �10 U/ml for the five serotypes (range, 2 to 10

U/ml). A second vaccination with the PPS mixture did not
improve the antibody response.

Antibody responses to PCV. In control rats, the primary
response after vaccination with PCV resulted in serotype-spe-
cific antibody titers at day 5 that were comparable with those
acquired after one dose of PPS vaccine (geometric mean an-
tibody titers, 27 to 83 U/ml) (Fig. 1, right panels). After sple-
nectomy, IgG titers at day 5 were significantly (P � 0.01) lower
than those in controls 5 days after vaccination with PCV. How-
ever, in the period between days 5 and 28 after PCV injection,
IgG titers increased steadily and reached levels comparable
with those in control rats at day 28.

Revaccination with PCV 4 weeks after the first PCV dose
resulted in a further increase in antibody concentration in
control as well as in splenectomized rats. In splenectomized
rats, antibody titers after the second dose of PCV were signif-
icantly (P � 0.05) higher than the maximal antibody titers

FIG. 1. IgG responses to vaccination with PPSs (left panels) and
PPS-protein conjugates (right panels) in control and splenectomized
rats. Control rats (filled symbols) and splenectomized rats (open sym-
bols) were vaccinated i.v. and s.c. at days 0 and 28 either with 2.5 �g of
each of PPS serotypes 4, 6B, 9V, 14, 19F, and 23F or with a tetravalent,
PCV consisting of polysaccharides of pneumococcal serotypes 6B, 14,
19F, and 23F conjugated to tetanus toxoid. Left panels show IgG
responses at days 0, 5, 28, 33, and 56 after vaccination with PPS.
Antibody responses to serotypes 4 and 9V are not shown but displayed
a course similar to that for serotype 6B. Right panels show IgG re-
sponses at days 0, 5, 28, 33, and 56 after vaccination with PCV. Anti-
body titers are expressed in units per milliliter. Shown are geometric
mean antibody titers and standard errors of the means.

7584 BREUKELS ET AL. INFECT. IMMUN.



reached after PPS vaccination. Thus, it can be concluded that
PCV can overcome polysaccharide unresponsiveness in sple-
nectomized rats.

Results of s.c. compared with results of combined i.v. and
s.c. injection of PCV. After s.c. injection of PCV in control rats,
the titers of specific antibodies to serotypes 6B, 19F, and 23F
at day 5 were significantly (P � 0.05) lower than after com-
bined i.v. and s.c. vaccination. However, antibody titers rose
gradually over the first 4 weeks to reach titers equal to the
maximal titers already achieved at day 5 after combined i.v.
and s.c. injection (Fig. 2). After splenectomy, this response
pattern (a gradual rise in antibody titer over 4 weeks) was seen
after s.c. as well as after combined i.v. and s.c. vaccination. No
significant differences were seen in antibody responses be-
tween both vaccination routes, nor did antibody patterns after
s.c. vaccination differ significantly between control and sple-
nectomized rats. These data indicate that the spleen is impor-
tant in the fast, primary response to blood-borne polysaccha-
ride antigens, even if presented in conjugate form. The
response patterns after a second vaccination with PCV did not
differ among the four groups: a rise in antibody titer was
already observed after 5 days.

Coadministration of nonconjugated polysaccharide with
PCV. The above data indicate that in splenectomized rats,
PCV induce higher antibody responses than PPS vaccines do.

We administered PPS vaccine together with PCV to see
whether admixture of PPS vaccine with PCV would improve
the antibody response to PPS vaccine and thus increase the
limited serotype coverage of PCV. No differences in antibody
responses were detected after admixture of PPS serotypes 4
and 9V with the 4-valent PCV and after admixture with un-
conjugated forms of the PPS serotypes 6B, 14, 19F, and 23F
(Fig. 3). The poor immunogenicity of nonconjugated polysac-
charides in splenectomized rats therefore cannot be improved
by concomitant immunization with a conjugate vaccine.

DISCUSSION

Despite the wide range of antibodies available, invasive
pneumococcal infections remain a substantial cause of mor-
bidity and mortality (17, 23). Patients with anatomical or func-
tional asplenia are particularly at risk (13, 32) because the
spleen is the most important site of phagocytosis of poorly
opsonized antigens in the early phase of bacterial invasion,
before sufficient amounts of specific antibodies have been pro-
duced (26). After a splenectomy, the liver will partially take
over the phagocytic function of the spleen. However, the liver
needs a higher level of opsonization because of the relatively
high velocity of blood flow (22). Because of the splenic depen-
dency of the antipolysaccharide antibody response, the opso-
nization of encapsulated bacteria may be suboptimal after sple-
nectomy (4). Therefore, immunization with PPS vaccine is
recommended prior to elective splenectomy (1), although ef-
ficacy data are scarce (7). However, vaccination prior to sple-
nectomy is not always feasible, for instance, after trauma.

PCV are developed to enhance the immune response to
PPSs. Asplenic or hyposplenic patients might benefit from
vaccination with PCV because polysaccharide-protein conju-
gates can initiate an antibody response to the polysaccharide
without the need for a functional spleen (19, 35, 37). We
therefore tested the immunogenicity of PCV in splenecto-
mized rats and showed that a series of two doses of PCV given

FIG. 2. Antipneumococcal IgG response after s.c. vaccination (left
panels) compared with that of combined s.c. and i.v. vaccination with
PCV (right panels). Control rats (filled symbols) and splenectomized
rats (open symbols) were vaccinated s.c. (broken lines) or i.v. as well as
s.c. (solid lines) at days 0 and 28 with PCV. See Fig. 1 legend for
further details.

FIG. 3. Antibody response to serotype 4 and 9V polysaccharides
mixed with native or conjugated polysaccharides. Control rats (filled
symbols) and splenectomized rats (open symbols) were i.v. and s.c.
vaccinated on days 0 and 28 with 2.5 �g of the PPS serotypes 4 and 9V
mixed with conjugated (broken lines) or native (solid lines) polysac-
charides of serotypes 6B, 14, 19F, and 23F. See Fig. 1 legend for
further details.
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6 weeks after splenectomy resulted in antibody titers that were
at least as high as in control rats but that the antibody response
to PPS was impaired by splenectomy (Fig. 1). This indicates
that the immunogenicity of PCV, in contrast with that of PPS
vaccine, is not impaired by splenectomy.

The spleen is of particular importance not only for its anti-
body response to polysaccharide antigens, as is indicated
above, but also as the site of antibody generation very early
after exposure to all blood-borne antigens. We have shown that
the spleen produces a fast primary antibody response to PCV
injected into the bloodstream. After i.v. vaccination of control
animals with PCV, maximum antibody titers were reached by
day 5 (Fig. 1 and 2). However, in the absence of splenic tissue,
the antibody response to i.v. injected PCV was delayed and no
difference was observed between the s.c. and i.v. routes of
vaccination: antibody titers rose gradually to reach a maximum
after 28 days. These data indicate that extrasplenic lymphoid
tissues (lymph nodes) are able to generate a primary antibody
response to PCV, but this response is slower than the splenic
response. The antibody response patterns to a second dose of
PCV, either s.c. or i.v. injected, are similar in the presence and
in the absence of splenic tissue, implying a less prominent role
for the spleen in the secondary response.

PCVs, as we have shown, have as an advantage that they can
induce antibody responses in the absence of a spleen but have
as a major drawback that the number of serotypes that can be
included is limited. The licensed heptavalent PCV (Prevnar;
Wyeth Lederle Vaccines and Pediatrics) includes seven sero-
types. Although 11-valent PCVs are under evaluation, they do
not have the same coverage of serotypes as that of the 23-
valent PPS vaccine. Theoretically, admixture of the PPS vac-
cine with the PCV could be an approach to broaden the cov-
erage. Conjugation of a polysaccharide to a protein changes
the nature of the antipolysaccharide antibody response, from a
T-cell-independent to a T-cell-dependent response (16, 29).
Antigen-presenting B cells probably take up the conjugated
polysaccharide-protein molecule and internalize it via mem-
brane Igs and present the peptides of the protein to T-helper
cells in association with major histocompatibility complex class
II molecules on their surfaces. This induces T-helper cells to
stimulate polysaccharide-specific B cells to mature into anti-
body-producing plasma cells or into memory cells (20, 30, 31).
According to this model, activation of polysaccharide-specific
B cells could take place either via direct physical interaction
with peptide-specific T-helper cells or via soluble factors se-
creted by peptide-specific T cells (6). Our experimental data
indicate that responses to PPS serotypes 4 and 9V do not
improve by admixture with 4-valent PCV containing serotypes
6B, 14, 19F, and 23F (Fig. 3). Distinct differences in localiza-
tion may explain this finding: in the splenic marginal zone, PPS
specifically localizes on marginal-zone B cells, whereas for
PCV, this localization on marginal-zone B cells is far less
pronounced (Breukels et al., unpublished data). Physical inter-
action of serotype 4- and 9V-specific B cells with peptide-
specific T cells may not take place, and soluble factors secreted
by peptide-specific T cells may be short-range-acting cytokines
unable to stimulate more distantly located B cells.

It should be noted that both the capacity to respond to
bacterial polysaccharide antigens and the unique capacity of
the spleen to phagocytose poorly opsonized bacteria are lost by

splenectomy. Spleen-saving procedures or splenic autotrans-
plantation at the time of splenectomy may potentially preserve
or restore at least part of the splenic immune function and
should be pursued. Protection provided by conjugate vaccines
is limited to the antigens present in the vaccine. The clinical
efficacy of PCVs for asplenic and splenectomized patients in
preventing overwhelming postsplenectomy infections there-
fore remains to be established, but this type of vaccine, ex-
tended with more vaccine antigens, seems at present to be the
best option for patients with (functional) asplenia.

Our data indicate that the spleen is of prime importance in
the antibody response to PPS vaccine. In the absence of splenic
tissue, the ability to mount a primary antibody response to PPS
vaccine is lost. This may explain the greatly increased risk of
invasive infections with encapsulated bacteria like S. pneu-
moniae after splenectomy. We have shown that the antibody
response to PCV is independent of the spleen: in control as
well as in splenectomized rats and after i.v. as well as s.c.
pneumococcal conjugate vaccination, antibody responses are
generated. We therefore conclude that PCV may be of value in
the management of anatomic as well as functional asplenic
patients.
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