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The antiphagocytic effect of the Staphylococcus aureus capsule is known to be
related to its ability to interfere with opsonization by normal human serum. In
this study, evidence is presented with isolated cell surface components which
indicates that the capsule hinders opsonization by masking cell wall peptidogly-
can. In contrast to intact, encapsulated S. aureus M cells, peptidoglycan particles
isolated from the organism were efficiently opsonized by normal human serum
and phagocytized by human polymorphonuclear leukocytes. Cell wall particles
retaining capsular material were opsonized less efficiently than peptidoglycan.
Studies comparing the opsonic capacities of normal, C2-deficient, and heat-
inactivated sera led to the conclusion that both the classical and the alternative
complement pathways contribute to the opsonization of peptidoglycan in normal
human serum. It appears that the capsule interferes with opsonization via both
of these complement pathways. Serum from rabbits immunized with S. aureusM
had significant heat-stable opsonic activity for the intact organism and cell walls
retaining capsular material, but not for peptidoglycan. A general model is pro-
posed to explain how antiphagocytic cell surface polymers may inhibit bacterial
opsonization and thereby impede natural immunity.

The important role of phagocytosis in host
defense against invading bacterial pathogens is
well demonstrated by the increased susceptibil-
ity to infectious disease manifest in patients with
a wide variety of abnormalities of phagocyte
function (23). For normal phagocytic cells to
ingest and perform their bactericidal function,
they must first be able to recognize the bacte-
rium. Recognition depends on the process of
opsonization by serum factors. These serum fac-
tors (opsonins) were first defined by Wright and
Douglas (29) in 1903 as "elements in blood fluids
which modify bacteria rendering them a ready
prey to the phagocytes." Certain bacteria are
able to evade the normal phagocytic defense
mechanism, and this "resistance to phagocyto-
sis" often appears to be related to production of
a capsule by such organisms.

In the case of unencapsulated Staphylococcus
aureus strains, phagocytosis is promoted both
by heat-labile factors of the serum complement
system (10) and by heat-stable factors, primarily
immunoglobulin G (15), both of which are pres-
ent in sera obtained from normal donors without
a history of staphylococcal disease. There thus
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exists in this sense "natural immunity" to S.
aureus. Results of recent studies led us to con-
clude that peptidoglycan (PG) exposed at the
staphylococcal cell surface plays a key role in
promoting opsonization of this bacterial species,
since isolated PG, purified cell walls (PG plus
covalently linked teichoic acid), and intact bac-
teria showed very similar opsonic requirements
for phagocytosis (18). Also, a teichoic acid-defi-
cient S. aureus mutant was opsonized and phag-
ocytized very similarly to its teichoic acid-con-
taining parent (18). These observations suggest
that teichoic acid is neither required for staph-
ylococcal opsonization, nor does it impede op-
sonization.
The presence of a capsule is a convincing

virulence factor in strains of several different
bacterial species (1, 3, 5, 12, 13, 16, 19, 22, 28)
which correlates well with the ability of encap-
sulated strains to resist phagocytosis (12, 22).
Capsular material is a cell surface component
which is located external to the cell wall and is
usually polysaccharide in nature. These anti-
genic capsules form part of the effective surface
of the organisms, and type-specific acquired im-
munity can be ascribed to the development of
antibodies directed against these polymers.
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In recent studies with a heavily encapsulated
strain, S. aureus M, we found this organism to
be ineffectively opsonized by the classical and
the alternative complement pathways and by
heat-stable factors in normal human serum (19).
This conclusion was reached by separating the
processes of opsonization and phagocytosis
through incubation of the particle under study
with the putative opsonic source (serum) before
presenting the preincubated particles to the
phagocytes. Since the encapsulatedM strain was
not phagocytized after incubation in sera opsonic
for its unencapsulated variant, it was concluded
that the M strain had not become opsonized
according to the definition of Wright and Doug-
las (29); i.e., significantly fewer encapsulated
organisms were phagocytized after incubation in
normal serum.

In this communication we present evidence,
using the M strain, which supports the hypoth-
esis that the antiphagocytic property of the cap-
sule of this organism is related to its masking of
cell wall PG. We also suggest that this hypoth-
esis may serve as a model to explain the anti-
phagocytic effects of cell surface polymers in
other microbial species.

MATERIALS AND METHODS
Strains, cultural conditions, and radioactive

labeling. S. aureus M and an unencapsulated variant
of this organism were kindly provided by M. A. Melly,
Vanderbilt School of Medicine, Nashville, Tenn. (13,
19). Routinely, the strains were grown in a broth
composed of 5 g of phytone peptone (Baltimore Bio-
logical Laboratory, Cockeysville, Md.), 5 g of yeast
extract (Difco Laboratories, Detroit, Mich.), 2 g of
glucose, and 3 g of K2HPO4 per liter at pH 7.4, and
370C with shaking for 18 h (18). For use in phagocy-
tosis experiments, organisms were labeled by growing
in 20 ml of broth containing 0.04 mCi of [2-3H]glycine
(specific activity, 5 to 15 Ci/mmol; New England Nu-
clear Corp., Boston, Mass). Cells which were to be
used for preparing labeled cell walls retaining capsular
material (CW+C) and PG were grown in broth con-
taining 0.4 uCi of [2-3H]glycine per ml. For isolation of
capsular polysaccharide as a source of marker com-
pounds for the amino acid analyzer, S. aureus M was
grown in brain heart infusion broth (Difco) as de-
scribed by Liau et al. (11).

Preparation ofCW+C and PG and their chem-
ical characterization. CW+C were isolated from 1
to 2 liters of labeled M strain by a cell wall isolation
procedure modified to aid in retaining capsular mate-
rial (18). Organisms were not washed after harvesting,
and, after breakage, crude CW+C were resuspended
in 0.05 M tris(hydroxymethyl)aminomethane-hydro-
chloride, pH 7.5, containing 2% (wt/vol) sodium do-
decyl sulfate and stirred for 1 h at 22°C. Next, the
crude CW+C were washed twice with water and three
times with 0.05 M tris(hydroxymethyl)aminomethane-
hydrochloride, pH 7.5. Pellets were sloppy, presum-
ably due to the presence of capsular material, and

centrifugation was increased to 39,000 x g for 5 min to
yield firmer pellets. Nuclease and trypsin treatments
were as described previously (18); phenol extraction
was omitted; the CW+C were finally washed five times
in water. PG was prepared by treating CW+C in 10%
(wt/vol) trichloroacetic acid at 60°C for 90 min (18).
This acid treatment removes both capsular material
and teichoic acid and yielded a firm pellet. The prep-
arations were characterized chemically by amino acid
analysis after hydrolysis in 6 M HCl at 105°C for 18 h,
and total phosphorus was estimated colorimetrically
(18).

Isolation of capsular polysaccharide. Capsular
polysaccharide was extracted from brain heart infusion
broth-grown M strain by hot, dilute acid treatment
followed by enzymatic digestion and Sephadex G-100
chromatography, as described by Liau et al. (11).
Opsonic sources. Serum collected from four

healthy donors, who denied previous staphylococcal
infection, was pooled and used as a source of normal
serum. To study opsonization via the alternative path-
way, serum was obtained from a donor with a geneti-
cally determined complete and selective deficiency of
C2 (6). S. aureus M immune rabbit serum was ob-
tained from a rabbit immunized with heat-killed S.
aureus M (19). All serum sources were stored in 0.5-
ml portions at -70°C and thawed just before use.
Complement was inactivated by heating serum at
56°C for 30 min. Serum was diluted to a 10% concen-
tration in Hanks balanced salt solution containing
0.1% (wt/vol) gelatin.

Opsonization procedure. By a previously de-
scribed method (19), particles were incubated in the
indicated opsonic sources for specified times and were
then centrifuged and resuspended in Hanks balanced
salt solution before being presented to polymorpho-
nuclear leukocytes (PMNs).

Preparation of PMNs. Human PMNs were iso-
lated from healthy donors as described previously (19).
Measurement ofphagocytosis. Phagocytosis was

determined by a previously described method (19),
and results were expressed as a percentage of the total
radioactivity taken up by PMNs. When intact bacteria
were used, 4 x 107 colony-forming units were presented
to 106 PMNs, yielding a ratio of bacteria to PMN of
40:1. Since 4 x 107 organisms yield approximately 10
jig of S. aureus cell walls (18), 10 ,ug of CW+C and 10
/ig of PG were presented to 106 PMNs.

Electron microscopy. Intact bacteria, CW+C, and
PG were incubated for 1 h in 20% S. aureusM immune
rabbit serum to demonstrate capsular material (13).
Samples were fixed with 2% (wt/vol) glutaraldehyde
in cacodylate buffer; buffered OS04 was added, and
staining was en bloc with 1% (wt/vol) uranyl acetate.
Thin sections were examined in a Siemens Elmiskop
1 electron microscope.

RESULTS
Characterization of the CW+C and PG

preparations. In Fig. 1, electron micrographs
of thin sections of intact bacteria, CW+C, and
PG are shown. To demonstrate the presence or
the absence of capsular material, these prepa-
rations had been previously incubated in serum
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FIG. 1. Electron micrographs of S. aureus M (A), S. aureus M variant (B), CW+C (C), and PG (D) after
incubation in S. aureusM immune rabbit serum. (A) and (B) x 3,900; (C) and (D) x 7,800.

from a rabbit immunized with heat-killed S.
aureus M (13, 19). Capsular material can be
clearly seen on the surface of the intact M strain
and CW+C preparations, but not on the PG
preparations or on the unencapsulated M var-
iant strain. In a slide agglutination test, the
CW+C preparations were agglutinated by S.
aureus M immune serum, whereas PG from
strain M and both purified and crude cell walls
from S. aureus H (18) were not. Amino acid
analysis of a 6 M HCl, 18-h 105'C hydrolysate
revealed the following components to be present
in a CW+C preparation (in nanomoles per mil-
ligram, dry weight): muramic acid, 442; gluco-
samine, 666; alanine, 1,431; glutamic acid, 567;
lysine, 543; glycine, 2,673. There were 580 nmol
of phosphate per mg of CW+C (dry weight).
When a formula weight of 1,138 for the PG
repeating unit (18) and the lysine figure are used,
the CW+C preparations are composed of
roughly 62% PG, with teichoic acid, capsular
material, and counterions to negatively charged
groups making up the rest of the weight of the
preparation. Analyses showed that most of the

weight of the PG preparation was accountable
for as PG components (in nanomoles per milli-
gram, dry weight): muramic acid, 274; glucosa-
mine, 281; alanine 2,288; glutamic acid, 919; ly-
sine, 856; glycine, 3,516. Hot trichloroacetic acid
treatment removed about 40% of the weight of
the CW+C preparation and 90% of the phos-
phate (a teichoic acid marker).
The capsular polysaccharide has been re-

ported to be composed of N-acetyl-D-aminoga-
lacturonic acid, N-acetyl-D-fucosamine, and tau-
rine (11). It was hoped that taurine could be
used as a marker for the presence or the absence
of capsular material in our preparations because
of the stability of taurine to acid hydrolysis and
its distinctive elution position from the amino
acid analyzer. Surprisingly, taurine could not be
detected in analyses ofCW+C, but was detected
upon analysis of partially purified polysaccha-
ride isolated from M strain grown in brain heart
infusion broth, the growth medium used in the
original publication of Liau et al. (11). The pres-
ence of taurine in the capsule appears to be
dietary dependent since amino acid analysis
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after acid hydrolysis revealed no taurine in phy-
tone peptone or yeast extract, which are com-
ponents of the medium used in this study. How-
ever, 8 nmol of taurine per mg (dry weight) was
detected upon analysis of brain heart infusion
powder. Nevertheless, two components, eluted
on the analyzer closely after glucosamine, were
detected in analyses of both partially purified
polysaccharide and CW+C, but not PG. These
components were tentatively identified as fucos-
amine and aminogalacturonyl fucosamine (11).
Thus, the chemical, immunological, and electron
microscopic evidence supports the identification
of the preparations as CW+C and PG.
Opsonization of S. aureus M, M variant,

CW+C and PG in normal human serum.
Figure 2 shows the PMN uptake of [2-3H]gly-
cine-labeled strain M cells, CW+C, and PG after
incubation in normal and heat-inactivated sera.
These sera were poor opsonic sources for the
intact bacteria as they mediated little phagocy-
tosis. Under these conditions there was 54 and
6% phagocytosis of the unencapsulated M var-
iant strain (data not shown) after incubation in
normal and heat-inactivated sera, respectively.
This demonstrates that the encapsulated orga-
nism is not efficiently opsonized by factors in
normal human serum and that a variant of this

Time (min)
FIG. 2. Phagocytosis of S. aureus M, CW+C, and

PG by PMNs after incubation in human serum. Par-
ticles were incubated for 5 min in 10%/( normal human
serum (open symbols) or heat-inactivated serum

(solid symbols) before being presented to PMNs.
Phagocytosis was quantitated by measuring leuko-
cyte-associated radioactivity. Symbols represent the
means of three experiments done on 3 separate days;
bars represent the ranges.

organism which lacks a capsule is well opsonized
under the same conditions.
However, PG isolated from strain M was well

opsonized by normal serum as revealed by effi-
cient phagocytosis of this preparation (Fig. 2).
CW+C were phagocytized, but at a slower rate
and to a lesser extent than was PG (Fig. 2).
Heat-inactivated serum was a poor opsonic
source, although there was significantly greater
uptake of PG after incubation in this opsonic
source than of intact bacteria or CW+C. Opson-
ization and phagocytosis of PG isolated from S.
aureus M were similar to those of the intact,
unencapsulated M variant strain and of PG iso-
lated from S. aureus H (an unencapsulated
strain) (18). These observations demonstrate
that the encapsulated organism contains a cryp-
tic, opsonizable subcellular structure, PG. It ap-
pears that the capsule interferes with opsoniza-
tion of PG and thereby accounts for the poor
phagocytosis ofthe intact encapsulated bacteria.
Further evidence to support this conclusion is
the finding that CW+C were not as efficiently
opsonized as PG. The removal of capsular ma-
terial from CW+C by hot trichloroacetic acid
treatment yielded a particle (i.e., PG) that was
more efficiently opsonized. This treatment re-
moves teichoic acid, in addition to capsular ma-
terial, from cell walls. However, removal of tei-
choic acid from cell walls was previously shown
not to alter the rate or the extent of phagocytosis
of these particles (18). The opsonization and
phagocytosis of CW+C that did occur may be
explained by the presence of particles not retain-
ing capsular material and exposure of non-cap-
sule-covered surfaces in this preparation.
Opsonization of S. aureus M, CW+C, and

PG in the absence of an intact classical
complement pathway. To study opsonization
via the alternative complement pathway, C2-
deficient serum was used, and the opsonic ca-
pacity of this serum was compared with that of
normal serum. When intact bacteria, CW+C,
and PG were opsonized for only 5 min in C2-
deficient serum, there was poor phagocytosis of
all three particle types (Table 1). Incubation of
PG, CW+C, and S. aureusM for 5 min in normal
human serum led to phagocytosis little different
from particles incubated in this serum for 60 min
(Fig. 2). However, when incubated for 60 min in
C2-deficient serum, there was 55, 29, and 7%
uptake of PG, CW+C, and S. aureus M, respec-
tively, after 15 min of incubation with PMNs.
These results indicate that PG isolated from S.
aureus M can be opsonized via the alternative
pathway, although at a significantly slower rate
than when the classical pathway is present (nor-
mal serum), and that capsular material inter-
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TABLE 1. Phagocytosis of S. aureus M, CW+C, and
PG by PMNs after incubation in C2-deficient

serum'
Incubation % PhagocytosisParticle time (min) in (15 min)
serum

S. aureus M 5 3
60 7

CW+C 5 11
60 29

PG 5 17
60 55

" Particles were incubated for indicated times in
10% C2-deficient serum before being presented to
PMNs. Phagocytosis was quantitated by measuring
leukocyte-associated radioactivity. Results represent
the means of three experiments done on 3 separate
days.

feres with opsonization via both the classical and
the alternative complement pathways.
Opsonization of S. aureus M, CW+C, and

PG in S. aureus M immune rabbit serum.
The only effective opsonic source for S. aureus
M has been serum obtained from animals im-
munized with this bacterium (13, 19). In this
study, S. aureus M, CW+C, and PG were incu-
bated with heat-inactivated preimmune and im-
mune rabbit sera. There was less than 10% up-
take of all three particle types by PMNs after 15
min after incubation of the particles in heat-
inactivated preimmune serum (Fig. 3). When
heat-inactivated immune serum was used as an
opsonic source, there was 47 and 66% uptake of
S. aureusM and CW+C, respectively, compared
with only 10% uptake of PG. These findings
demonstrate that a heat-stable, capsule-directed
serum factor(s), presumably antibody, is neces-
sary to promote effective opsonization of the
encapsulated organism and that this same fac-
tor(s) promotes opsonization of CW+C but not
of PG.

DISCUSSION
The major purpose of this study was to ex-

amine the basis of the antiphagocytic effect of
the S. aureus capsule. However, before the re-
sults of this investigation are discussed, it is
important to clarify the meaning of the term
antiphagocytic.

In early studies correlations were noted be-
tween the presence and the absence of certain
cell surface polymers in a particular bacterial
species and resistance to phagocytosis and viru-
lence. This led to the description of these poly-
mers as antiphagocytic, classical examples of
which are the Streptococcus pneumoniae cap-

sule (1) and the M protein of the group A strep-
tococcus (9). The ability of antiphagocytic anti-
gens to remove type-specific opsonic activity
from antisera has been used to confirm the an-
tiphagocytic effect of a particular antigen (12),
and the term antiphagocytic is applied generally
to bacterial products which remove opsonic ac-
tivity from serum. The term antiphagocytic has
also been applied to bacterial products which
depress phagocytosis when added to a test sys-
tem (5). In phagocytic systems where serum is
present, this effect may be due to competition
for serum opsonins with the test particle since
capsular material from a wide variety of bacte-
rial species is relatively noncytotoxic (21).

Thus, as originally conceived, an antiphago-
cytic polymer is one that confers resistance to
phagocytosis upon a microorganism. At this
point it is necesary to distinguish between phag-
ocytosis occurring in the absence of opsonins, of
which the "surface phagocytosis" described by
Wood and Smith was an early example (28), and
the generally more rapid phagocytosis mediated
primarily through opsonins (24), with which we
are concerned here. From a physicochemical
standpoint it is believed that both a hydrophilic
and a negatively charged particle surface retard
phagocytosis (14, 25). Thus, in this sense a par-
ticular cell surface polymer may, by its chemical
nature, be regarded as inherently antiphagocytic
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FIG. 3. Phagocytosis of S. aureus M, CW+C, and
PG by PMNs after incubation in rabbit serum. Par-
ticles were incubated in 10%o heat-inactivated preim-
mune or S. aureusM immune rabbit serum for 15 min
before being presented to PMNs. Phagocytosis was
quantitated by measuring leukocyte-associated ra-
dioactivity. Bars represent the means of three exper-
iments done on 3 separate days; brackets represent
the ranges.
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and the function of opsonins viewed as function-
ing in such a manner that this antiphagocytic
property is negated. However, current interpre-
tations of opsonin-mediated phagocytosis are
that it is not so much that opsonins cover regions
of a particle which inherently resist recognition
and ingestion but that bound opsonins them-
selves constitute favorable configurations which
are recognized by phagocytic cells (24).

Previous studies led us to the conclusion that
recognition of unencapsulated S. aureus orga-
nisms is mediated via opsonization of surface-
exposed, cell wall PG (18). Encapsulated bacte-
ria, however, have an additional cell surface
polymer external to the cell wall. Results of
experiments reported in this study support the
hypothesis that encapsulated S. aureus can
evade the process of opsonization and that this
phenomenon is due to masking of the cell wall
PG by the capsule. Hence, the antiphagocytic
property of the capsule may reside in its ability
to interfere with the process of opsonization.

In an earlier study (19) we found that encap-
sulated strains were inefficiently opsonized by
normal human serum in contrast to unencapsu-
lated variants of these strains. Although intact
S. aureus M cells are essentially not opsonized
by normal serum, in this study it was found that
PG isolated from this organism was readily op-
sonized and phagocytized by human PMNs.
This observation suggests that PG in encapsu-
lated bacteria is cryptic or hidden from effective
interaction with opsonins present in normal se-
rum. Isolated CW+C preparations were phago-
cytized at about half the rate and to half the
extent ofPG after opsonization of these particles
in normal serum. Removal of capsular material
by hot trichloroacetic acid treatment yielded a
particle (PG) that was more efficiently opson-
ized. The inner surface of the cell wall is exposed
in CW+C preparations, and this is thought to be
a possible explanation as to why these particles
were more efficiently opsonized than were whole
organisms.

Efficient opsonization of the encapsulated S.
aureus M apparently requires type-specific an-
tibodies to be present in serum. Heat-inactivated
immune rabbit serum was found to have an
increased opsonic capacity for the intact orga-
nism and CW+C but not for a particle that lacks
capsular antigen (PG).

Currently, it is thought that bacterial phago-
cytosis by PMNs is mediated via plasma mem-
brane receptors with specificities for the Fc por-
tion of antibody molecules and for the C3b frag-
ment of complement bound to the surface of the
bacterium (20, 26). The mechanism by which
the capsule masks PG from salutary interaction
with these opsonins in normal serum is unclear

at this time. There are at least two possible
explanations for this effect: (i) the capsule acts
as a physicochemical barrier, preventing access
of opsonic factors to PG; (ii) the capsule, in some
way, interferes with the opsonic effect of serum
factors, even though they become bound to the
bacterial cell surface. In either case, the capsule
interferes with the normal recognition of the
bacterium via leukocyte receptors.
There is limited information available as to a

possible barrier effect of the staphylococcal cap-
sule. Bacteriophages apparently are excluded
from interaction with their receptor (cell wall
PG and teichoic acid) by the capsule since staph-
ylococcal phages have been found to inefficiently
adsorb to encapsulated staphylococcal strains in
contrast to related unencapsulated variants (27).
However, the staphylococcal capsule appears to
pose no barrier to homologous antibody (Fig. 1)
nor to the small-molecular-weight protein lyso-
staphin (13).
From observations in a previous study (17), it

does seem that complement is not strictly ex-
cluded from an interaction with the staphylo-
coccal cell surface, for it was found that encap-
sulated and unencapsulated S. aureus strains
activated complement to a similar extent and
that both stained positively with anti-C3 flu-
orescent antibody. This finding indicates that
C3 is present on the encapsulated staphylococal
cell surface, but does not tell us where the C3 is
located or how it is displayed. Perhaps the cap-
sule interferes with exposure of opsonic factors
in the proper configuration at the true external
surface of the bacterium.
PG is a major cell wall component of most

gram-positive bacterial species, and the cell sur-
face of such organisms may be most accurately
viewed as a mosaic of different domains, where
PG is sufficiently exposed to interact with exter-
nal factors (8, 18). Several features of the chem-
ical composition, structure, and biological prop-
erties ofPG are shared by this polymer in a wide
variety of bacteria. Heymer and Reitschel (2)
have pointed out that the occurrence of PG in
nature is as widespread as that of bacteria and
that the frequency of detection of PG antibodies
in normal sera of animals and humans depends
primarily on the sensitivity of the methods em-
ployed. Others have speculated that host reac-
tion to PG may form the basis of natural im-
munity to gram-positive bacteria (4, 7). Recog-
nition of many gram-positive bacterial species
may, therefore, be a manifestation of host re-
sponse to PG.

It is possible that the presence of capsular
material in gram-positive species other than S.
aureus, e.g., S. pneumoniae, masks PG from
opsonins present in normal human serum and
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thereby interferes with natural immunity. Like-
wise, cell surface polymers such as the M protein
of the group A streptococcus, which has long
been recognized as antiphagocytic (9), may in-
terfere with opsonization of PG in a similar
manner. It also seems likely that the masking
effect of a capsule pertains to the antiphagocytic
characteristic of such material in gram-negative
bacterial species. The capsular antigens of this
group of organisms may mask some common
outer membrane component yet to be defined.

ACKNOWLEDGMENTS

We are grateful to D. Seefeldt for isolating the capsular
polysaccharide. We thank D. J. Tipper for his comments on
this manuscript.

This work was supported by a grant-in-aid from the Uni-
versity of Minnesota Graduate School and a grant from the
Minnesota Medical Foundation. Support from Public Health
Service grants AI-08821 and AI-06931 from the National In-
stitutes of Health is acknowledged.

LITERATURE CITED
1. Enders, J. F., M. F. Shaffer, and C.-J. Wu. 1936.

Correlation of the behaviour in ViLo of pneumococci
type III varying in their virulence for rabbits with
certain differences observed in vitro. J. Exp. Med. 64:
307-331.

2. Heymer, B., and E. T. Reitschel. 1977. Biological prop-
erties of peptidoglycans, p. 344-349. In D. Schlessinger
(ed.), Microbiology-1977. American Society for Micro-
biology, Washington, D.C.

3. Howard, C. J., and A. A. Glynn. 1971. The virulence
for mice of strains of Escherichia coli related to the
effects of K antigens on their resistance to phagocytosis
and killing by complement. Immunology 20:767-777.

4. Karakawa, W. W., D. G. Braun, H. Lackland, and R.
M. Krause. 1968. Immunochemical studies on the cross
reactivity between streptococcal and staphylococcal
mucopeptide. J. Exp. Med. 128:325-340.

5. Keppie, J., L. Harris-Smith, and H. Smith. 1963. The
chemical basis of the virulence of Bacillus anthracis.
IX. Its aggressins and their mode of action. Br. J. Exp.
Pathol. 44:446-453.

6. Kim, Y., P. S. Friend, I. G. Dresner, E. J. Yunis, and
A. F. Michael. 1977. An inherited deficiency of the
second component of complement (C2) with membran-
oproliferative glomerulonephritis. Am. J. Med. 62:
765-771.

7. Krause, R. M. 1975. Immunological activity of the pep-
tidoglycan. Z. Immunitaetsforsch. Exp. Klin. Immunol.
149:136-150.

8. Krause, R. M. 1977. Cell wall antigens of gram-positive
bacteria and their biological activities. Position paper,
p. 330-338. In D. Schlessinger (ed.), Microbiology-
1977. American Society for Microbiology, Washington,
D.C.

9. Lancefield, R. C. 1962. Current knowledge of type-spe-
cific M antigens of group A streptococci. J. Immunol.
89:307-313.

10. Li, I. W., and S. Mudd. 1965. The heat-labile serum
factor associated with intracellular killing of Staphylo-
coccus aureus. J. Immunol. 94:852-857.

1 1. Liau, D.-F., M. A. Melly, and J. H. Hash. 1974. Surface

INFECT. IMMUN.

polysaccharide from Staphylococcus aureus M that
contains taurine, D-aminogalacturonic acid, and D-fu-
cosamine. J. Bacteriol. 119:913-922.

12. MacLeod, C. M., and A. W. Beinheimer. 1965. Patho-
genic properties of bacteria, p. 146-169. In R. J. Dubos
and J. G. Hirsch (ed.), Bacterial and mycotic infections
of man. J. B. Lippincott Co., Philadelphia, Pa.

13. Melly, M. A., L. J. Duke, D.-F. Liau, and J. H. Hash.
1974. Biological properties of encapsulated Staphylo-
coccus aureus. Infect. Immun. 10:389-397.

14. Nagura, H., J. Asai, Y. Katsumata, and K. Kojima.
1973. Role of electric surface charge of cell membrane
in phagocytosis. Acta Pathol. Jpn. 23:279-290.

15. Nickerson, D. S., J. A. Kazmierowski, J. H. Dossett,
R. C. Williams, Jr., and P. G. Quie. 1969. Studies of
immune and normal opsonins during experimental
staphylococcal infection in rabbits. J. Immunol. 102:
1235-1241.

16. Onderdonk, A. B., D. L. Kasper, R. L. Cisneros, and
J. G. Bartlett. 1977. The capsular polysaccharide of
Bacteroides fragilis as a virulence factor: comparison
of the pathogenic potential of encapsulated and unen-
capsulated strains. J. Infect. Dis. 136:82-89.

17. Peterson, P. K., Y. Kim, B. J. Wilkinson, D. Schmel-
ing, A. F. Michael, and P. G. Quie. 1978. Dichotomy
between opsonization and serum complement activa-
tion by encapsulated staphylococci. Infect. Immun. 20:
770-775.

18. Peterson, P. K., B. J. Wilkinson, Y. Kim, D. Schmel-
ing, S. D. Douglas, P. G. Quie, and J. Verhoef. 1978.
The key role of peptidoglycan in the opsonization of
Staphylococcus aureus. J. Clin. Invest. 61:597-609.

19. Peterson, P. K., B. J. Wilkinson, Y. Kim, D. Schmel-
ing, and P. G. Quie. 1978. Influence of encapsulation
on staphylococcal opsonization and phagocytosis by
human polymorphonuclear leukocytes. Infect. Immun.
19:943-949.

20. Scribner, D. J., and D. Fahrney. 1976. Neutrophil re-
ceptors for IgG and complement: their role in the at-
tachment and ingestion phases of phagocytosis. J. Im-
munol. 116:892-897.

21. Smith, H. 1976. Survival of vegetative bacteria in animals.
Symp. Soc. Gen. Microbiol. 26:299-326.

22. Smith, H. 1977. Microbial surfaces in relation to patho-
genicity. Bacterial. Rev. 41:475-500.

23. Stossel, T. P. 1974. Phagocytosis (third of three parts).
N. Engl. J. Med. 290:833-839.

24. Stossel, T. P. 1975. Phagocytosis: recognition and inges-
tion. Semin. Hematol. 12:83-115.

25. Van Oss, C. J., and C. G. Gillman. 1972. Phagocytosis
as a surface phenomenon. II. Contact angles and phag-
ocytosis of encapsulated bacteria before and after op-
sonization by specific antiserum and complement. RES
J. Reticuloendothel. Soc. 12:497-502.

26. Verhoef, J., P. K. Peterson, and P. G. Quie. 1977.
Human polymorphonuclear leukocyte receptors for
staphylococcal opsonins. Immunology 33:231-240.

27. Wilkinson, B. J., and K. M. Holmes. 1979. Staphylo-
coccus aureus cell surface: capsule as a barrier to bac-
teriophage adsorption. Infect. Immun. 23:545-548.

28. Wood, W. B., and M. R. Smith. 1949. The inhibition of
surface phagocytosis by the capsular "slime layer" of
pneumococcus type III. J. Exp. Med. 90:85-96.

29. Wright, A. E., and S. R. Douglas. 1903. An experimental
investigation on the role of the blood fluids in connec-
tion with phagocytosis. Proc. R. Soc. London 72:
357-370.


