The Role of the Spleen in

Experimental Pneumococcal Bacteremia

ERIC J. BROWN, STEPHEN W. HOSEA, and MICHAEL M. FRANK, Laboratory of Clinical

Investigation, National Institute of Allergy and Infectious Diseases, National
Institutes of Health, Bethesda, Maryland 20205

ABSTRACT Theimportance ofthe spleenin hostde-
fense against pneumococcal bacteremia has been sug-
gested by a number of experimental models as well as
the occurrence of the syndrome of overwhelming
pneumococcal sepsis in asplenic individuals. We
studied the mechanism of splenic protection against
pneumococcal bacteremia using a guinea pig model.
Rates of removal of pneumococci from the blood stream
in normal and splenectomized guinea pigs were com-
pared with the extent of hepatic and splenic sequestra-
tion of radiolabeled organisms for three different types
of pneumococci. A relationship was found between the
virulence of a pneumococcus for normal guinea pigs,
the extent to which it is cleared by the spleen, and the
magnitude of the defect in blood stream sterilization
induced by splenectomy. The spleen plays an increas-
ingly important role in the clearance of progressively
more virulent organisms, for which hepatic clearance
cannot compensate. Thus, the division between he-
patic and splenic clearance of bacteremia is a key deter-
minant of the outcome of experimental pneumococcal
infection.

INTRODUCTION

The importance of the splanchnic reticuloendothelial
system (RES)! in the clearance of bacteremia in both
experimental animals (1-3) and humans (4) is well
recognized. Moreover, it is known that different bac-
teria distribute differently within the RES when they
are cleared (5), that opsonic requirements for RES
clearance vary with the bacterial species investigated
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(6), and that the amount and type of opsonin available
markedly affect the distribution of cleared organisms in
the RES.2 However, the correlation between organ
localization of cleared bacteria and bacterial virulence
has never been systematically investigated.

The critical importance of the spleen in host defense
against pneumococcal bacteremia is suggested by the
occurrence of overwhelming pneumococcal sepsis in
patients who are anatomically or functionally asplenic
(7-9). Experimental models of pneumococcal infection
have also demonstrated increased mortality and pro-
longed bacteremia in asplenic animals (10-13). Data
accumulated in humans suggest that not all pneumo-
cocci (Pn) are equally virulent for asplenic hosts (14).
In the experiments reported here, we investigated the
extent of pneumococcal localization in the various RES
organs after experimental pneumococcal bacteremia in
guinea pigs in order to understand its relationship to
the virulence of the Pn. To explore this relationship
further, we also investigated the blood stream clearance
and lethality of these Pn in splenectomized guinea

pigs (spx-gp).

METHODS

Pneumococci. Type 7 (Ty 7) (ATCC 6307), type 12 (Ty 12)
(ATCC 6312), and R36a (rough) (ATCC 27336) Pn were ob-
tained in lyophilized form (American Type Culture Collec-
tion, Rockville, Md.) and reconstituted in trypticase soy broth
containing 5% defibrinated sheep’s blood. They were main-
tained on trypticase soy agar plates containing 5% sheep’s
blood and Ty 7 and Ty 12 were passed in white mice monthly
to maintain virulence.

Radiolabeled pneumococci. Pn were radiolabeled with
%FeCl in a completely defined artificial medium (15) as de-
scribed.? Briefly, log phase Pn were grown in 40 ml of the

2 Brown, E. J., S. W. Hosea, and M. M. Frank. The role of
complement in the localization of pneumococci in the splanch-
nic RES during experimental bacteremia. Submitted for publi-
cation.

3 Brown, E. J., S. W. Hosea, and M. M. Frank. Localization
and clearance of radiolabeled pneumococci in experimental
bacteremia as a function of the bacterial growth cycle. Sub-
mitted for publication.
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medium containing 40 uCi of **FeCl; (1 mCi/mg, Amersham
Corp., Arlington Heights, I1l.) for 90 min, washed twice in
ice-cold phosphate-buffered saline (PBS), and used
within 1 h.

Guinea pigs. Normal 300-400-g female guinea pigs (nl-gp)
were obtained from colonies maintained by the National In-
stitutes of Health. Splenectomy was performed on some
guinea pigs via a left lateral incision under ethyl carbamate
anesthesia. These guinea pigs were used in experiments 2
wk—-5 mo after splenectomy. Sham operated controls, in which
the peritoneum was opened and then closed, were shown to
have identical clearance to nonoperated guinea pigs.

Clearance studies. The rate of removal of an intra-
venously injected dose of 10° Pn was determined by serial
bleedings from the retro-orbital plexus at prescribed times
after injection. The sample was taken into a heparinized
plastic tube and a measured volume of this blood was removed
for quantitative culturing. Colony-forming units were counted
by culturing serial dilutions of the blood sample in duplicate
on 5% sheep’s blood agar plates.

Localization studies. 45 min after the intravenous injec-
tion of 10® radiolabeled Pn, guinea pigs were killed and radio-
isotope in the liver and spleen was quantitated (Gamma 310
Radiation Counter, Beckman Instruments, Inc., Fuller-
ton, Calif.). Detailed studies of clearance curves obtained after
injection of log phase Pn into guinea pigs have previously
been reported (16). In brief, there is an early exponential re-
moval of Pn from the blood which continues for 2-4 h. In
the first 5 min after injection, as many as 25% of the Pn ac-
cumulate in the pulmonary circulation but this phase of clear-
ance has ended by 45 min (17). For the current experiments,
45 min was thus chosen as a time at which log phase clearance
was still progressing, dilution of radiolabel by division of
organisms was minimal, and radiolabel had not been released
from the phagocytic cells by destruction of radiolabeled
organisms through phagocyte lysosomal activity. Counts per
minute in the liver and spleen of individual guinea pigs were
compared by the ratio: counts per minute liver/counts per
minute spleen. This ratio of hepatic to splenic radioactivity
was then used as the basis for comparison of the reticulo-
endothelial localization for different types of Pn.

Immunization. Guinea pigs were immunized by intra-
venous injection of a sublethal dose of live Pn of the appro-
priate type 2—4 wk before an experiment. Antibody titers were
measured using a modification of an enzyme-linked immuno-
absorbent assay technique developed for the measurement of
human anticapsular polysaccharide antibodies.* Briefly, Ty 7
or Ty 12 polysaccharide (Merck, Sharp, & Dohme, West
Point, Pa.) was used to coat microELISA (enzyme-linked
immunoabsorbent assay) plates by incubating 50 ul of a 1-
mg/ml solution in PBS in each well at 4°C overnight. After
coating, plates were washed three times with PBS containing
0.1% Tween-20 (Sigma Chemical Co., St. Louis, Mo.) (PBS-
Tween). 50 ul of sera diluted in PBS-Tween were then added
to each well, incubated for 2 h at 37°C, and washed again
three times with PBS-Tween. 50 ul of a 1/500 dilution of
horseradish peroxidase-linked anti-guinea pig gamma globu-
lin (N. L. Cappel Laboratories, Cochranville, Pa.) was added to
each well, incubated at room temperature for 1 h, and washed
again. In the final step 200 ul of O-phenylenediamine (Aldrich
Chemical Co., Milwaukee, Wis.), made 100 ug/ml in distilled
water containing 1% methanol and 0.003% H,O, was added to

4 Hosea, S. W., C. G. Burch, E. J. Brown, R. A. Berg, and M.
M. Frank. Impaired immune response of splenectomized pa-
tients to the polyvalent pneumococcal vaccine. Submitted for
publication.
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each well and incubated overnight. Thereafter, 5 ul of concen-
trated H,SO, was added to each well and the color developed
in each well was read at 488 nm. The color developed was
compared to wells in which PBS-Tween had been substi-
tuted for serum during the test procedure. The titer of a serum
was the dilution that gave =0.05 OD above control wells.
All preimmunization anti-polysaccharide antibody titers
were <1:20, and all postimmunization titers were =1:80.
Thus, every animal showed at least a fourfold rise in titer
after immunization. There was no difference in postim-
munization titer between spx-gp and nl-gp. There was no dif-
ference in postimmunization titer, nor in rate of clearance of
bacteremia, between spx-gp immunized before or after
splenectomy.

In vivo complement depletion. Cobra venom factor (CVF),
partially purified venom of Naja naja, was obtained from
Cordis Laboratories, Miami, Fla. Nl-gp were injected with
CVF (200 U/kg intravenously) 16-20 h before an experiment.
With this regimen hemolytic complement C3 titers as meas-
ured by a standard titration procedure (18) were 0.1-1% of
normal at the time of bacteremia induction.

Preopsonization. To allow complement to be activated on
the surface of the Pn in the absence of specific antibody, 10°
Pn were incubated in 15 ml of nonimmune guinea pig serum
for 30 min at 37°C, washed once in cold PBS, pH 7.4, and re-
suspended to an appropriate concentration for in vivo experi-
ments. In some experiments the opsonic capability of serum
from nonimmune spx-gp was compared to that of nl-gp by in-
cubation of 10° Pn in either spx-gp or nl-gp serum as above.

In vivo and in vitro complement activation by pneumo-
cocci. Aliquots of blood drawn from nl-gp immediately be-
fore and at timed intervals after the induction of bacteremia
were allowed to clot for 1 h in glass tubes. The serum was
removed and stored at —70°C until hemolytic C3 titers were
measured on all samples as an index of in vivo complement
activation.

In vitro studies were performed by the addition of varying
numbers of washed, heat-killed Pn in 0.5 ml PBS to an equal
volume of serum from nonimmune nonbacteremic guinea
pigs. The mixtures were incubated in duplicate at 37°C for 1 h,
and the bacteria were removed by centrifugation. The C3 titers
of such sera after incubation were compared to aliquots of
serum incubated under identical conditions with PBS con-
taining no Pn.

Statistical methods. Lethality data were compared using
x? analysis of survival after challenge with 10° organisms.
Hepatic and splenic localization and geometric means of blood
colony count data were compared using a two-tailed Student’s
t test.

RESULTS

Lethality studies. Previous dose-response experi-
ments demonstrated that the LDs,in nl-gp for Ty 12 was
about 108 Pn and for Ty 7, >10°. For comparison of Ty
12 with Ty 7 in these studies, a single dose of 10°
organisms was chosen. First, the lethality of Ty 7 and
Ty 12 Pn after intravenous injection of 10® organisms
was compared in nl-gp and spx-gp. As expected from
the dose-repsonse experiments, Ty 12 Pn were signifi-
cantly more lethal than were Ty 7 in nl-gp (P < 0.05).
When these experiments were repeated in spx-gp, it
was found that there was a statistically significant in-
crease in mortality of Ty 12 bacteremia after splenec-
tomy (P < 0.05), but not of the less virulent Ty 7 in-
fection (Table I).



TABLE I
Comparison of Survival in Normal and
Splenectomized Guinea Pigs

Ty7 Ty 12
Survived Died Survived Died

Normal 13 1 8 9

Splenectomy 8 2 1 13

The survival in guinea pigs with or without spleens, injected
with 10® Pn either Ty 7 or Ty 12. The survival of nl-gp injected
with Ty 7 was greater than those injected with Ty 12
(x* =5.42, P <0.05). The increased survival of spx-gp
challenged with Ty 7 compared with Ty 12 was even more
marked (x? = 11.00, P < 0.001). Whereas there was no differ-
ence in the survival of spx-gp compared with nl-gp challenged
with Ty 7 (x® = 0.10, P > 0.5), there was a significant decrease
in the survival of spx-gp compared with nl-gp challenged with
Ty 12 (32 = 4.16, P < 0.05).

Clearance and localization of pneumococci in nor-
mal animals. The rate of removal of the two types of
Pn from the blood after intravenous injection was next
studied using a quantitative colony counting tech-
nique. Despite the difference in lethality between the
two types of Pn, there was no difference at all in the
initial clearance rates (Fig. 1). The distribution of Pn in
the splanchnic reticuloendothelial organs was com-
pared for Ty 7 and Ty 12 during this period of identical
clearance. Counts per minute recovered in liver and
spleen accounted for 60-70% of the counts per minute
injected, and total splanchnic RES recovery was not dif-
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FIGURE 1 The clearance of Ty 7 (@) and Ty 12 (O) compared
during the initial exponential clearance phase. The Pn remain-
ing in the blood are plotted vs. time, assuming a blood volume
equal to 7% of the body weight for each guinea pig. The clear-
ance rates for the two organisms were identical during this
period.
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ferent between Ty 7 and Ty 12. An additional 5-10%
of the counts were recoverable in the lung, 5-10% in
the bone marrow, and <5% in the blood. The remain-
ing 5-25% could be recovered in kidney, bladder, mus-
cle, skin, and intestine without specific sites of concen-
tration. The ratio of hepatic to splenic counts for Ty 7
was 5.1+0.67 (n = 17), whereas for Ty 12 it was
2.7+0.28 (n = 15). Thus, although the rate of blood
stream clearance was identical for the two organisms,
the difference in liver to spleen ratio between the two
types of Pn represents a significantly greater de-
pendence on splenic clearance for Ty 12 than Ty 7
bacteremia (P < 0.05).

Clearance in splenectomized guinea pigs. The
kinetics of clearance of Ty 7 Pn in normal and spx-gp
are compared in Fig. 2. Clearance is slower in spx-gp
than nl-gp, since there are significantly more Pn in the
blood of the spx-gp than the nl-gp at each point. This
difference was statistically significant at P < 0.001 as
early as 1 h after injection. The clearance of Ty 12 in
nl-gp and spx-gp is shown in Fig. 3. With Ty 12 Pn,
clearance is also delayed in spx-gp. Indeed, the dif-
ference in clearance between nl-gp and spx-gp is even
more marked for Ty 12 than for Ty 7. This, taken to-
gether with the previous finding that a greater propor-
tion of RES clearance of bacteria in normal animals oc-
curred via splenic sequestration for Ty 12 than Ty 7,
suggested that the extent of splenic clearance in the
normal animal was correlated with the magnitude of the
defect in clearance of spx-gp. To test this hypothesis,
we conducted two further sets of experiments. In the
first set, the localization and clearance of a totally non-
pathogenic pneumococcus was investigated. In the
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FIGURE 2 Clearance of Ty 7 Pn. The Pn remaining in the
blood are plotted vs. time for Ty 7 in nl-gp (O) and spx-gp
(®@). The rate of clearance is slower for spx-gp than nl-gp. CFU,
colony-forming unit.
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FIGURE 3 Clearance of Ty 12 Pn. The Pn remaining in the
blood are plotted vs. time for Ty 12 in nl-gp (O) and spx-gp
(®). The rate of clearance is slower for spx-gp than nl-gp, and
the difference is more marked than for Ty 7 Pn. CFU, colony-
forming unit.

second set of experiments, the effects of maneuvers
known to increase hepatic sequestration of Pn were ex-
amined for their ability to alter blood stream clearance
in spx-gp.

Clearance and localization of rough pneumococci.
To further investigate the relationship between viru-
lence, RES localization, and the clearance defect in-
duced by splenectomy, unencapsulated (rough) Pn
were studied. These organisms are known to be aviru-
lent because they lack a polysaccharide capsule (19).
The liver to spleen ratio of pneumococcal clearance 45
min after injection was 9.0+0.60 (n = 6). There was al-
most identical blood stream clearance of these or-
ganisms in spx-gp and nl-gp (Fig. 4), indicating little,
ifany, essential role for the spleen in protection against
these rough Pn. Hence, these organisms follow the pat-
tern established in the studies of Ty 7 and Ty 12: viru-
lence for both nl-gp and spx-gp correlates with the ex-
tent of splenic clearance in nl-gp, as does the extent of
the blood stream clearance defect induced by splenec-
tomy.

Effect of immunization and preopsonization. Both
immunization of guinea pigs and preopsonization of
Pn have previously been shown to increase the extent
of hepatic clearance in the normal animals.3 It was

978 E. ]J. Brown, S. W. Hosea, and M. M. Frank

LOG CFU/mI

0 1 2 3 4
HOURS

FIGURE 4 Clearance of rough Pn. The Pn remaining in the
blood are plotted vs. time for rough Pn in nl-gp (O) and spx-gp
(®@). There is no difference in the rates of clearance of nl-gp
and spx-gp. CFU, colony-forming unit.

therefore important to determine whether these pro-
cedures would improve the blood stream clearance in
spx-gp. Immunization, either before or after splenec-
tomy, corrected the clearance defect induced by splen-
ectomy for both Ty 7 and Ty 12 Pn (Fig. 5). Preop-
sonization also initially corrected the clearance defect.
Thus, clearance was as markedly delayed in spx-gp
injected with organisms preopsonized in heat-inacti-
vated or EDTA-treated serum as in spx-gp challenged
with unopsonized organisms. However, preopsoniza-
tion with normal nonimmune serum corrected the
clearance of spx-gp for 4 h (Fig. 6). Interestingly, after
4 h the level of bacteremia in spx-gp injected with op-
sonized organisms was the same as that in spx-gp in-
jected with unopsonized organisms, organisms prein-
cubated in heat-inactivated serum, or organisms incu-
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FIGURE 5 Clearance of Ty 7 and Ty 12 in immunized spx-gp.
The Pn remaining in the blood are plotted vs. time in un-
immunized nl-gp (O) and spx-gp (®), and in immunized spx-gp
(O). Immunization corrects the clearance defect of spx-gp for
both Ty 7 and Ty 12. CFU-colony-forming unit.
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FIGURE 6 The clearance of preopsonized Pn in spx-gp. The
Pn remaining in the blood are plotted vs. time for nl-gp (O)
and spx-gp (@) given unopsonized Ty 12, spx-gp given Ty 12
preopsonized in nonimmune guinea pig serum (0), and spx-gp
given Ty 12 preopsonized in heat-inactivated guinea pig
serum or guinea pig serum made 0.02 M in EDTA (A). Pre-
opsonization with heat labile divalent cation-requiring com-
ponents in guinea pig serum can correct the clearance defect
of spx-gp. CFU, colony-forming unit.

bated in serum made 0.02 M in EDTA. Presumably
these live organisms continued to divide after injection
and by 4 h were no longer adequately opsonized for
hepatic clearance. Studies of localization of 3°Fe-
labeled Ty 12 Pn confirmed that the improved blood
stream clearance resulted from increased hepatic se-
questration (Fig. 7). Thus, decreasing dependence on
splenic clearance in nl-gp was associated with a disap-
pearance of the blood stream clearance defect of spx-gp.

Splenosis and preopsonization with serum from
splenectomized guinea pigs. Two different ap-
proaches were used to investigate the possibility that
the clearance defect in spx-gp was caused by a serum
opsonic defect induced by the splenectomy. In the first
set of experiments, intraperitoneal splenosis was de-
liberately created at the time of splenectomy by implan-
tation of fragments of autologous spleen. Animals
treated in this manner were proven to have multiple
islands of splenic tissue studding the omentum, bowel
wall, and peritoneum by direct visualization as well as
by microscopic examination at autopsy 4-8 wk after
surgery. Theoretically, the serum of these animals
should contain all of the products of splenic synthesis,
but an anatomically normal spleen with its normal
blood supply is missing. When challenged with (Ty 12)
Pn, animals with marked splenosis demonstrated no
improvement in the clearance defect seen in spx-gp
without splenosis (Fig. 8).

It has been suggested that blood from splenec-
tomized patients may be defective in opsonin (20).
Therefore, in a second series of experiments, the ef-
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FIGURE 7 Recovery of ®Fe-labeled Ty 12 in the liver of spx-
gp. Pn biologically labeled with 3*Fe were injected into spx-gp
and hepatic radioactivity assayed 45 min later. Spx-gp given
preopsonized organisms or previously immunized were able
to sequester more Pn in their liver than nonimmune spx-gp
given unopsonized organisms, or organisms opsonized with
heat-inactivated serum (P < 0.05).

fects of preopsonization of Pn in serum from nl-gp and
spx-gp on blood stream clearance were compared. In
one experiment, the clearance of organisms (Ty 12)
preopsonized in serum from spx-gp was compared with
that of organisms preopsonized in serum from sham
splenectomized guinea pigs when both were injected
into spx-gp. Increases in clearance rate, induced by pre-
opsonization in the two sera, were the same. Because
heat inactivation and EDTA treatment abolished the
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FIGURE 8 The effect of splenosis on clearance of Ty 12. The
Pn remaining in the blood are plotted vs. time for nl-gp (O),
spx-gp (@), and spx-gp in which intraperitoneal splenosis had
been deliberately created (O). Splenosis had no effect on the
clearance defect of spx-gp. CFU, colony-forming unit.
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capability of preopsonization to augment clearance in
spx-gp (Fig. 6), complement activation on the Pn during
preopsonization was thought to be the most likely cause
of the increased initial clearance observed. Therefore,
spx-gp serum and nl-gp serum were compared in their
ability to opsonize Ty 12 for clearance in complement-
depleted guinea pigs (CVF-GP). If there were a marked
defect in complement activation in the serum of spx-gp,
they might not have opsonized the Pn as well as normal
serum. Thus, Pn opsonized in spx-gp serum might be
cleared less efficiently than Pn opsonized by nor-
mal serum in CVF-GP, which are highly dependent on
preopsonization of the Pn to achieve normal clearance
rates (16). However, the spx-gp serum was as good or
better than nl-gp serum in its ability to promote normal
clearance of Pn in CVF-GP (Fig. 9). Loss of the effect
of preopsonization after about 4 h, and reversion to the
clearance curve obtained when unopsonized organisms
were injected into CVF-GP, was observed; this was
similar to the phenomenon seen when preopsonized
organisms were injected into spx-gp (Fig. 6). These ex-
periments did not support the concept that the essential
defect in the spx-gp causing deficient blood stream
clearance is the lack of a serum opsonic factor normally
synthesized by the spleen.

In vivo and in vitro complement activation. Hemo-
lytic C3 titers decreased markedly after the induction
of bacteremia in nl-gp reaching a nadir of one-half of ini-
tial values 3-6 h after the induction of bacteremia.
There was no difference between the degree or kinetics
of C3 depletion induced by Ty 7 (n = 5) and Ty 12
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FIGURE 9 A comparison of the ability of serum from spx-gp
and nl-gp to opsonize Pn. The Pn remaining in the blood
are plotted vs. time for nl-gp (®), CVF-GP (O), CVF-GP given
Ty 12 opsonized with serum from nl-gp (O), and CVF-GP
given Ty 12 opsonized with serum from spx-gp (A). Nl-gp
serum and spx-gp serum are equally able to opsonize Pn for
clearance by CVF-GP. CFU, colony-forming unit.
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(n = 4) Pn. The results of in vitro studies, in which Pn
were incubated with nonimmune guinea pig serum,
showed a 10% decrease in C3 titer after incubation with
107 Pn, a 50% decrease in titer upon incubation with
108 Pn, and >90% decrease after incubation with 10°
Pn. There was no difference in the degree of C3 deple-
tion caused by equal numbers of Ty 7 and Ty 12 Pn.

DISCUSSION

These experiments were designed to examine the
hypothesis that the division between hepatic and
splenic clearance in bacteremia is a key determinant
of the outcome of experimental pneumococcal infec-
tion. The splanchnic RES distributions of three types
of Pn, of varying lethality for guinea pigs, were ex-
amined. It was found that the patterns of RES organ
localization of the three organisms during initial clear-
ance were significantly different, with the greatest
splenic role in clearance demonstrated for the most
lethal organism, Ty 12, and the least for the avirulent
rough Pn. This was consistent with our previous obser-
vation that conversion of Ty 7 bacteremia from a non-
lethal to a lethal infection by depletion of complement
was accompanied by a shift in pneumococcal clear-
ance from liver to spleen.? The observation that the
most lethal organism is cleared to the greatest extent
by the spleen lends further weight to the concept that
deficient hepatic clearance may be compensated to
some extent by splenic clearance but that this compen-
sation is not complete.?

Removal of the spleen would be expected to dra-
matically alter the course and consequence of bac-
teremia for an organism that is normally cleared to a
significant extent by the spleen, but should have
diminished consequences for clearance of organisms
less dependent on clearance by the spleen. This was
indeed the case for the three types of Pn investigated
since splenectomy alters the clearance and lethality
of Ty 12 most strikingly, Ty 7 significantly, and rough
Pn not at all. The defect of spx-gp in the removal of Ty 7
Pn from the blood implies that there was an important
clearance role for the spleen in this infection, despite
the lack of increased mortality of this organism in spx-
gp. It is important to note that a clearance defect and in-
creased mortality induced by splenectomy have been
reported for other types of Pn (10-13, 21-23). How-
ever, the ability of spx-gp to clear nonpathogenic rough
Pn without defect demonstrates that a requirement for
splenic sequestration in the blood clearance of Pn is not
simply a property of all Streptococcus pneumoniae.
The existence of a clearance defect in spx-gp apparently
depends on the presence of a polysaccharide capsule,
long recognized as a major pneumococcal virulence fac-
tor (24). These experiments with rough and encap-
sulated Pn provide evidence that, in general, hepatic



clearance is unable to compensate for the loss of splenic
clearance function; only under the ideal circumstances
of a nonpathogenic organism is the hepatic clearance
function sufficient to sterilize the blood stream
normally.

These experiments may be interpreted to mean that it
is really the ability of the liver to remove Pn from the
blood that determines the extent and consequence of
the defect imparted by splenectomy. Because the blood
flow to the liver is much greater than to the spleen,
there is more opportunity for hepatic than splenic clear-
ance in the normal animal; the spleen serves to remove
those organisms bypassed by the hepatic clearance
mechanisms. Further support for this concept was ob-
tained from the experiments using immunized guinea
pigs or preopsonized Pn. Both these manipulations are
known to increase the extent of hepatic localization of
Pn in normal animals? (23, 25), and would therefore be
expected to improve clearance in spx-gp. Indeed, both
preopsonization and immunization were able to correct
the initial clearance defect of spx-gp and were corre-
lated with increased pneumococcal clearance by the
liver. Thus, these maneuvers decreased dependence
on the back-up mechanism of splenic sequestration for
blood stream clearance. In doing so, they corrected
the clearance defect of spx-gp.

Antibody titers were similar in splenectomized ani-
mals, whether they were immunized before or after
splenectomy, and in normals. Although defective re-
sponse to intravenously administered antigens has
been reported after splenectomy, the defect was over-
come by increasing the dose of antigen (26). It may well
be that our method of immunization, which is really
sublethal infection, represents such a large antigenic
load that the defect in antibody synthesis of the
splenectomized animals is masked. Moreover, Lozzio
and Wargon (27) found that total IgG antibody against
sheep erythrocytes in splenectomized mice was not dif-
ferent from normals, and the detecting antibody
used in our enzyme-linked immunoabsorbent assay is
more sensitive to guinea pig IgG than IgM.

Preopsonization was only able to correct the clear-
ance defect of spx-gp initially, with a return to the
clearance curves of unopsonized organisms after 4-8 h.
A similar phenomenon was observed when preopson-
ized organisms were given to complement-deficient
guinea pigs (16). Although the explanation of this
phenomenon is not entirely clear, it implies at least that
the bacteria arising from in vivo division have lost the
effects of the in vitro opsonization. It may imply,
further, that the C3b put on the bacterial surface in
vitro is not a sufficient signal for RES macrophage
phagocytosis, analogous to conditions demonstrated for
the attachment and ingestion of erythrocytes by phago-
cytic cells in vitro (28).

There have been several reports which imply that the

The Role of the Spleen in Experimental Pneumococcal Bacteremia

loss of the spleen either surgically or by infarction leads
to a serum opsonic defect (20, 29-32). This possible ex-
planation for our observations was tentatively rejected
for two reasons. First, guinea pigs with extensive splen-
osis but without a normal spleen were unable to clear
Pn any better than spx-gp. Second, serum from the spx-
gp was comparable to that of nl-gp in its ability to op-
sonize Pn for clearance by complement-deficient
guinea pigs. In agreement with these findings are ex-
perimental data from several other groups (21, 23) in
which splenosis was unable to protect spx-gp against
intravenous challenge with Pn, as well as case reports
in humans in whom even extensive splenosis did not
protect against the development of overwhelming bac-
teremia (33). Indeed, the weight of experimental evi-
dence at this point is that although splenosis will de-
crease the lethality of aerosolized challenge (22, 34) it
will not protect the animal once sufficient bacteria have
reached the blood stream (21, 23). Interestingly, models
in which partial splenectomy was performed, but the
spleen left in its normal relation to its blood supply
(23, 35) have shown some continued protection of the
spleen against overwhelming bacteremia.

Thus it appears that an anatomically normal spleen
plays a unique role in the clearance of experimental
pneumococcal bacteremia, and that this role is of in-
creasing importance as the pathogenicity of the invad-
ing organism increases. When the spleen is removed,
the liver is unable to compensate for the loss of its
phagocytic activity, and a clearance defect results
which is proportional to the importance of the spleen
in the clearance of Pn by the normal animal. How
the differences in pneumococcal polysaccharide that
account for the differences in pneumococcal type cause
this variability in rate of removal from the blood
stream by guinea pigs is unknown. Complement is an
important opsonin in this model (16) and loss of com-
plement has been shown to lead to a shift from hepatic
to splenic sequestration (36), so that it is tempting to
speculate that differences in complement activation or
complement-mediated attachment to RES macro-
phages may account for the observed differences
among the various pneumococcal types. However, we
were unable to observe any differences between Ty 7
and Ty 12 in their ability to cause complement deple-
tion either in vivo or in vitro. It is possible that other
opsonins, such as fibronectin (37), are involved, or
even that metabolic differences among the Pn, such as
the rate of division in vivo, are important factors in the
way the bacteria interact with the RES. Nonetheless,
these experiments indicate a key role for the spleen in
the clearance of virulent or poorly opsonized bacteria.
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