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Opsonization of Legionella pneumophila in human serum: key roles for specific
antibodies and the classical complement pathway
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Summary. Legionellapneumophila has previously been
shown to require serum factors for efficient uptake by
phagocytic cells. In this investigation, the roles of
specific antibody and complement in phagocytosis of
L. pneumophila by human polymorphonuclear leuco-
cytes (PMN) and tissue macrophages were deter-
mined. Opsonization was assessed by quantitating the
uptake of [3H]-labelled Legionellae. Compared to
other Gram-negative and to Gram-positive bacterial
species, L. pneumophila was highly resistant to the
opsonic activity of normal pooled human serum
(PHS). Of 12 donor sera tested, only four promoted
significant L. pneumophila uptake when used at full
strength. Experiments with immune antibody, and
with human sera deficient in immunoglobulins, or the
complement components C2, C3, or C5, revealed that
L. pneumophila opsonization was dependent on anti-
body-mediated activation of the classical complement
pathway; activation of the alternative pathway could
not be detected. At high concentrations, immune
antibody alone could adequately opsonize L. pneumo-
phila. Human alveolar and peritoneal macrophages
required very similar amounts and types of opsonins
for L. pneumophila phagocytosis as did human PMN.
Heating L. pneumophila to temperatures .800 abo-
lished its resistance to opsonization by diluted PHS;
however, activation ofcomplement via the alternative
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pathway or via other antibody-independent routes
remained undetectable. These studies show that, in
addition to immune antibody, the classical pathway of
complement plays an important role in the opsoniza-
tion of L. pneumophila. The limited ability of these
bacteria to interact with human complement provides
a likely explanation for their resistance to opsoniza-
tion and may be partly based on heat-sensitive struc-
tures on the surface of L. pneumophila.

INTRODUCTION

The Legionnaires' disease bacterium, Legionella pneu-
mophila, is capable of intracellular growth in human
fibroblasts and in mononuclear phagocytes (Wong et
al., 1980; Kishimoto et al., 1979; Horwitz & Silver-
stein, 1980b). The mechanism underlying the intracel-
lular multiplication of L. pneumophila in monocytes
was recently clarified by the demonstration of an
inhibition in the fusion between phagosomes and
lysosomes in the cytoplasm of these phagocytes (Hor-
witz, 1983). Much less is known, however, about the
initial steps in the interaction of L. pneumophila and
phagocytes, i.e. the attachment and ingestion phase of
the bacteria-phagocyte encounter. It has previously
been noted that efficient uptake of L. pneumophila by
phagocytes required the presence of both specific
antibody and complement (Horwitz & Silverstein,
1980a). However, successful in vitro infection of cells
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has been accomplished in media containing heat-inac-
tivated fetal calf serum as the only potential source of
opsonins (Wong et al., 1980; Daisy et al., 1981). On the
other hand, Johnson, Pesanti & Elliott (1979) demon-
strated a 7-11-fold increase in the uptake of L.
pneumophila by mouse peritoneal macrophages when
serogroup-specific rabbit antiserum was added to their
incubation mixtures.

In order to define further the opsonic requirements
of these bacteria, we studied the uptake of the
Philadelphia 1 strain of L. pneumophila by human
polymorphonuclear and mononuclear phagocytes in
an in vitro assay which uses radiolabelled bacteria. The
results suggest that L. pneumophila is relatively resis-
tant to the opsonic activity of normal, non-immune
human serum and requires specific antibody for
optimal phagocytosis. The complement system can
contribute greatly to L. pneumophila opsonization, but
its activity was found to be restricted to classical
pathway activation via antibody. Surprisingly, L.
pneumophila did not activate complement via the
alternative pathway.

MATERIALS AND METHODS

Organisms and cultural conditions
The Philadelphia 1 strain of L. pneumophila was
obtained from the Centers for Disease Control (CDC,
Atlanta, GA) as a frozen spleen suspension. In order
to assure bacterial viability and virulence, L. pneumo-
phila was passed once in embryonated hen eggs. Yolk
sacs were harvested from those eggs whose embryos
died after 3 days. After testing for viability and for the
absence ofcontaminating bacteria, a stock suspension
was prepared and stored at - 700. For each experi-
ment, a small amount of frozen stock suspension was
thawed in 1 ml of sterile phosphate-buffered saline, pH
7.4 (PHS), and then plated onto buffered charcoal
yeast extract (BCYE) agar containing 20 uCi [3H]thy-
midine (specific activity, 50 jCi/mmol, ICN, Irvine,
CA). After 3-4 days' growth at 370, L. pneumophila
colonies were taken from the agar surface with a sterile
moistened swab, suspended in sterile PBS and washed
twice with PBS. A final suspension of 0-5-1-0 x 109
CFU/ml was made in Hanks' balanced salt solution
containing 0-1% gelatin (GHBSS). In some experi-
ments, L. pneumophila suspensions were held for 1 hr
at indicated temperatures prior to use in the opsoniza-
tion procedure. Also used in this study were the
encapsulated Smith strain of Staphylococcus aureus

and its unencapsulated variant strain (Peterson et al.,
1978), two encapsulated clinical isolates ofEscherichia
coli (serotype 075: KI and serotype 018: K?) (van Dijk
et al., 1979), one unencapsulated strain of E. coli
(serotype 022: H16: K-) (Verbrugh et al., 1982a), and a
capsular type VII strain of Streptococcus pneumoniae
(kindly donated by Dr G. S. Giebink, Minneapolis,
MN) (Giebink et al., 1980). These bacteria were grown
in 10 ml Mueller-Hinton broth (Difco Laboratories,
Detroit, MI) to which 20 pCi of (2,8[3H]) adenine
(ICN) or (methyl[3H]) thymidine (ICN) was added, as
previously described (Verbrugh et al., 1982a; Giebink
et al., 1980). After 18 hr incubation at 370, bacterial
suspensions in GHBSS were prepared as described for
L. pneumophila (vide supra).

Opsonic sources
Serum was collected from 12 healthy donors who
denied a history of Legionnaires' disease. The sera
were stored individually and as a serum pool at - 70°.
Serum was also obtained from patients with geneti-
cally determined complete and selective deficiencies of
complement factors C2 (Kim et al., 1977), C3 (Roord
et al., 1982) or CS (Verbrugh et al., 1982b).

Immunoglobulin-deficient serum was from a male
patient with primary X-linked agammaglobulinaemia
(Bruton type) and contained less than 5 mg/dl of IgG
and undetectable levels of IgM, IgA, IgE and IgD.
Heated serum was incubated at 560 for 30 min. In some
experiments, serum was chelated with 10 mm ethy-
leneglycoltetraacetic acid (EGTA, Sigma Chemical
Co., St Louis, MO) in the presence of 5 mM MgCl2
(MgEGTA). Immune rabbit IgG specific for L. pneu-
mophila serogroup I was kindly donated by R. Benson
(CDC). Just prior to use, the opsonic mixture were
constituted using GHBSS as diluent.

Opsonization procedure
One-hundred ml ofthe bacterial suspension was mixed
with 0-9 ml ofopsonin and incubated at 370 for 30 min.
The suspensions were then centrifuged (15 min at 2000
g), and the bacterial pellets were resuspended in 1 0 ml
of GHBSS and held at 40 until use (preopsonized
bacteria).

Quantitation of bacterial C3 fixation
The amount of C3 that became fixed to the surface of
Legionellae during opsonization was determined by
quantitative fluorescent immunoassay as previously
described (Verbrugh et al., 1979). In this assay,
preopsonized bacteria are washed three times with
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PBS, reacted with fluorescein-conjugated goat IgG
monospecific for human C3 (Cappel Lab., Cochran-
ville, PA; Lot no. 14724), and then washed again with
PBS.
The final bacterial pellets were resuspended with 2 5

ml 01 M NaOH which will dissociate the conjugate.
The intensity of the fluorescence of the supernatant
was then measured in a Perkin-Elmer 204 Fluores-
cence spectrophotometer (Perkin-Elmer, Norwalk,
CT) with exitation and emission wavelengths of 485
and 525 nm, respectively. The results are given as
percentages of C3 fixation ranging from zero (control
using non-opsonized bacteria) to 100% (maximal
emission intensity in the series tested), which directly
correlates with the amounts of C3 bound to the
bacteria (Verbrugh et al., 1979).

Polymorphonuclear leucocytes
Suspensions of pure PMN were prepared from hepar-
inized venous blood of healthy donors, as previously
described (Verbrugh et al., 1979). Final cell suspen-
sions contained 5 x 106 PMN/ml GHBSS. Purity of
the PMN suspensions and viability by trypan blue
exclusion both exceeded 95%.

Mononuclear phagocytes
Alveolar macrophages (AM0) were obtained from
normal donors by subsegmental saline lavage of the
lingula of the left lung, or the middle lobe of the right
lung, as previously described (Hoidal, White &
Repine, 1979). AM0 in the recovered lavage fluid were
washed three times with GHBSS and resuspended at a
concentration of 5 x 106 AM0/ml GHBSS. Purity of
AM0 suspension was > 85% (remaining cells were
primarily lymphocytes) and viability exceeded 90%.
Human peritoneal macrophages (PM0) were iso-

lated from peritoneal effluents of uninfected patients
undergoing maintenance peritoneal dialysis for end-
stage renal disease, essentially as previously described
(Verbrugh et al., 1983). PM0 were harvested from 3
litres of effluent by centrifugation (1 ,600g for 30 min),
washed and resuspended to a final concentration of
5 x 106 PM0/ml of GHBSS. The final cell suspension
contained a mean of 86% PM0 (range, 78-91%), 8%
lymphocytes (range 3-15%), 4% PMN (range 09%),
and 2% eosinophils (range 06%). More than 95% of
the PM0 were viable by trypan blue exclusion.

Measurement of bacterial opsonization
Bacterial opsonization was assessed in a quantitative
phagocytosis assay which determines the uptake of

radiolabelled bacteria by human PMN, AM0 and
PM0. The assay has been described in detail pre-
viously (Peterson et al., 1977). Briefly, 01 ml of
preopsonized radiolabelled bacteria (5 x 106 CFU)
was mixed with 01 ml of phagocytic cell suspension
(5 x iO cells), and phagocytosis was allowed to pro-
ceed for 30 min in a shaking incubator at 37°. Different
lengths of incubations were also used when indicated.
Phagocytosis was stopped by adding ice-cold PBS,
and non-leucocyte-associated bacteria were removed
by three cycles of differential centrifugation. Phago-
cyte-associated radioactivity was determined in a
liquid scintillation counter, and has been shown to
accurately reflect the degree of phagocytosis (Peterson
et al., 1977). Phagocytosis was expressed as a percent-
age uptake of the total added radioactivity and was
taken as a measure of bacterial opsonization (Ver-
brugh et al., 1982b).

Measurement of complement consumption
Bacterial samples of0 1 ml, at specified concentrations
and of PBS (control), were added to polypropylene
vials containing 1 0 ml of the indicated serum source.
After incubation for 60 min in the incubator shaker
(250 r.p.m., 370), the vials were centrifuged at 2000 g
for 15 min (4°), and the supernatants were collected for
measurement of residual C3-9 haemolytic activity.
The assay for C3-9 haemolytic activity was carried out
as previously reported (Kim et al., 1977). The haemo-
lytic C3-9 activity remaining in the serum samples was
compared to that of serum incubated with PBS alone
and results were expressed as percent C3-9 consumed.

Electron microscopy ofphagocytic mixtures
In order to obtain electron micrographs of L. pneumo-
phila and of phagocytic cells, suspensions were pre-
pared for transmission electron microscopy as pre-
viously described (Clawson, 1973) and viewed in an
electron microscope (model 201; Philips Electronic
Instruments, Eindhoven, The Netherlands).

RESULTS

L. pneumophila resistance to opsonization
In order to evaluate the relative resistance of L.
pneumophila to the opsonic activity of normal non-
immune human serum, phagocytosis of L. pneumo-
phila was compared to that of other bacterial species
following opsonization in various dilutions of pooled
human serum (Table 1). L. pneumophila proved to be
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Table 1. Relative resistance of Legionella pneumophila to
opsonization with pooled normal human serum

Phagocytosis (% uptake*) by
PMN after opsonizationt

in serum at a concentration of:

Organism 100% 50% 10% 1% 0-1%

L. pneumophila (serogroup 1) 34 13 8 7 5
E. coli(022:H16) 50 52 52 23 20
E. coli(075:K1) 39 38 10 7 9
E.coli(018:K?) 43 40 19 9 5
S. aureus (encapsulated) 72 70 35 12 9
S. aureus (unencapsulated) 62 60 60 45 41
S. pneumoniae (type VII) 68 67 56 4 2

* Uptake ofpreopsonized bacteria by PMN was determined
after 30 min incubation at 370. The bacteria to PMN ratio was
approximately 10: 1.

t Bacteria, 0-1 ml (5 x 107 CFU), were incubated in pooled
human serum, 0 9 ml, at indicated concentrations for 30 min at
370, centrifuged and resuspended in 10 ml GHBSS.

more resistant to opsonization by normal human
serum than other bacterial strains previously noted to
be poorly opsonized in normal serum, including
encapsulated E. coli and S. aureus. PMN uptake of L.
pneumophilia was consistently found only after
opsonization in undiluted pooled serum. The uptake
of L. pneumophila was poor after opsonization in
serum diluted 1:2, and virtually no uptake could be
detected when lower concentrations of serum were
used (Table 1). The capacity of 12 individual donor
sera to opsonize L. pneumophila is shown in Fig. 1.
Interestingly, a considerable variation was found in
the L. pneumophila opsonic activity of donor sera. In
five sera, essentially no opsonic activity of L. pneumo-
phila could be detected; these sera did not promote L.
pneumophila phagocytosis even when used undiluted.
In one serum, low level opsonic activity, i.e. 23%
uptake, was present when used undiluted. The remain-
ing six sera promoted low level L. pneumophila uptake
at 50% concentration. Adequate opsonic activity, i.e.
greater than 40% uptake, was present in only two
(17%) sera when used at a 50% concentration; how-
ever, no serum was adequately opsonic at lower
concentration (Fig. 1). In order to investigate whether
L. pneumophila opsonic activity is a stable character-
istic, serum was collected from donors at several
intervals over a 6-month period. Titration experiments
revealed that L. pneumophila opsonic activity, when
detectable in the serum of a healthy donor, remains
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Figure 1. L. pneumophila opsonization in serum from 12
healthy donors. Bacteria were preopsonized for 30 min in
serum from healthy individuals without a history of Legion-
naires' disease at indicated concentrations. Uptake by PMN
was determined after 30 min.

relatively stable over time (data not shown). Further-
more, opsonic activity remained undetectable in sera
from two donors that initially did not promote the
uptake of L. pneumophila (data not shown).

Role of antibody and complement in L. pneumophila
opsonization
Specific antibody and the heat-labile complement
system are the major sources of opsonins in human
serum. In order to delineate the role of these serum
factors in the opsonization of L. pneumophila titration
more clearly, experiments were performed using
pooled serum, pooled serum from which complement
activity was removed by heat treatment, agammaglo-
bulinaemic serum, and solutions containing increasing
amounts of L. pneumophila immune antibody with or
without complement. The results ofthese experiments,
summarized in Fig. 3, indicate that both antibody and
complement may be important for L. pneumophila
opsonization. Thus, the opsonic activity of 50% and
100% pooled serum proved to be largely heat-labile. In
the absence of immunoglobulins (agammaglobulinae-
mic serum), however, L. pneumophila was not
opsonized, indicating a need for antibody (Fig. 2).
This opsonic activity of antibody was exemplified
further by the capacity of immune IgG at concentra-
tions . 1 yg/ml to adequately promote L. pneumophila
phagocytosis in the absence of other serum factors.
However, the addition of fresh serum as a source of
complement greatly enhanced the opsonic activity of
low level immune antibody. Ten percent pooled serum
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Figure 2. Role of complement and immune antibody in opsonization of L. pneumophila. L. pneumophila was opsonized in
indicated concentrations of either human serum (PHS), in heated PHS, or immunoglobulin (IG)-deficient serum from a patient
with X-linked agammaglobulinaemia; likewise, bacteria were preopsonized in solutions containing increasing amounts of
immune IgG with either buffer (GHBSS) or 10% PHS in GHBSS as diluent. After opsonization, bacteria were washed and mixed
with normal PMN. Uptake was recorded after 30 min incubation. Bars indicate means and parentheses the total range based on
at least three separate experiments.

combined with 01 pg/mI or 0-2 Mg/ml immune
antibody was opsonic for L. pneumophila, whereas
10% serum alone or these low levels of antibody alone
were not opsonic (Fig. 2).

Complement components involved in L. pneumophila
opsonization
The activation of the third component ofcomplement
(C3) with the deposition of C3b on the bacterial
surface is known to be the crucial step in complement-
mediated opsonization and phagocytosis by PMN
(Stossel et al., 1975). C3 can become firmly attached to
the surface of bacteria by activation of either the
classical or the alternative complement pathway. In
order to establish the role of C3 and its route(s) of
activation in L. pneumophila opsonization, we used
human sera with genetically determined deficiencies of
complement components C2, C3 or C5. None of these
sera promoted L. pneumophila phagocytosis without
the addition of immune antibody. When low levels of
L. pneumophila immune antibody were added, how-
ever, phagocytosis of L. pneumophila preopsonized in
C5-deficient serum or in normal pooled serum was

demonstrated (Fig 3). In sharp contrast, no uptake
was seen of L. pneumophila opsonized in either
C2-deficient or C3-deficient serum (Fig. 3). L. pneumo-
phila opsonization thus appeared to be dependent on

the presence of C3 and an intact classical complement
pathway. Activation of C5 and the later components
of complement were not required.

Lack of alternative pathway activation by L.
pneumophila
Since L. pneumophila could not be opsonized in human
C2-deficient serum, an inability of L. pneumophila to
activate the alternative complement pathway was

postulated. To test this hypothesis, we determined the
ability of L. pneumophila to activate and consume

haemolytic C3-9 in normal human serum and in
human serum which was chelated with MgEGTA to
block activation of the classicial pathway of comple-
ment. Compared to an unencapsulated E. coli strain,
L. pneumophila consumed virtually no C3-9 in normal
serum or MgEGTA-chelated serum (Table 2). How-
ever, after the addition of immune antibody, C3-9
consumption was clearly present in normal serum, but
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Figure 3. L. pneumophila opsonization mediated via antibody-dependent activation of the classical complement pathway. L.
pneumophila was incubated (30 min) in normal human serum and in human sera with indicated complete deficiencies of
individual complement components. Sera were used at a concentration of 25% with subopsonic concentrations of immune
antibody added. After opsonization, bacteria were washed and mixed with normal PMN. Uptake was recorded after 30 min.
Bars represent means and parentheses the total ranges of two separate experiments done in duplicate.

Table 2. Consumption of haemolytic C3-9 by Legionella pneumophila

Percent C3-9 consumption* in:

Activating PHS with MgEGTA-PHS
organism PHSt immune IgGt MgEGTA-PHS§ with immune IgG

L. pneumophila
2 x 108 CFU/ml 1 83 0 0
1 x 108 CFU/ml 2 56 0 0
2 x 107 CFU/ml 1 36 3 0

E. coli (022:H 16)
2 x 108 CFU/ml 86 NDT 87 ND
1 x 108 CFU/ml 58 ND 63 ND
2 x 107 CFU/ml 34 ND 40 ND

* Bacteria were incubated with sera at indicated final concentrations for 60 min
at 37°. The haemolytic C3-9 activity remaining in the sera was then determined
and compared to that of control serum incubated with buffer alone. Results are
expressed as percent C3-9 consumed and are from one representative experiment.

t PHS, pooled human serum used at a 1/2 dilution.
t One mg L. pneumophila immune IgG per ml serum was added.
§ MgEGTA is PHS-chelated with 10 mm EGTA in the presence of 5mM MgC12.
¶ ND, not done.

L. pneumophila remained unable to activate and
consume C3-9 via the alternative complement path-
way (Table 2). Thus, interactions of L. pneumophila
(serogroup 1) with the human complement system are

restricted to the classical pathway and depend upon

the presence of immune antibody for optimal acti-
vation.

Uptake of L. pneumophila by human phagocytes of
different origin

The phagocytosis experiments with preopsonized L.
pneumophila were thus far carried out using human
peripheral blood PMN as an easily obtainable source
of phagocytic cells. In order to confirm true bacterial
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uptake, i.e. ingestion, of L. pneumophila by those cells,
we obtained electron micrographs of PMN/L. pneu-
mophila mixtures at the end of the 30 min incubation
time. The micrographs consistently showed human
PMN with multiple intracellular vacuoles containing
bacteria and contents of fused lysosomes, indicating
phagocytosis of L. pneumophila by these cells (micro-
graphs not shown). However, mononuclear phago-
cytes such as those lining the bronchoalveolar spaces,
rather than blood PMN, may be more important in the
initial phases of Legionnaires' disease. We therefore
compared PMN, AM0 and PMO as to their ability to
phagocytize L. pneumophila. L. pneumophila was
preopsonized in the presence of an excess of comple-
ment and antibody, as well as under more limiting
opsonic conditions. In order to characterize the recog-
nition process by these phagocytes more fully, the
kinetics of L. pneumophila uptake were determined.
The results presented in Fig. 4 demonstrate that the
opsonic requirements for phagocytosis of L. pneumo-
phila by either human PMN, AM0 or PM0 are very
similar. Only minor differences were found in the
kinetics of uptake of L. pneumophila by the different
types of phagocytic cells. In addition, electron micros-
copy indicated that L. pneumophila was truly ingested
by both AM0 and PM0 as was found with PMN
(data not shown).
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Opsonization of heat-treated L. pneumophila

In an effort to modify the outer surface of the
Legionnaires' disease bacterium, and thereby poten-
tially change its requirement for opsonins, it was
found that prior heating of L. pneumophila signifi-
cantly increased its sensitivity to opsonization by
normal human serum. This change in opsonic require-
ments was temperature dependent. Thus, heating L.
pneumophila at 80° or 1000 for I hr made the strain
increasingly susceptible to opsonization by I10%
pooled human serum; temperatures of 56° or lower,
however, were not effective in this regard (data not
shown). By electron microscopy, heat-treated (100°)
L. pneumophila appeared superficially intact, albeit
that the granular and vacuolated pattern of the
cytoplasm had changed significantly (Fig. 5). Further
studies revealed that, although opsonization ofheated
L. pneumophila in 10% serum was complement-depen-
dent, the bacteria remained unable to become
opsonized in the absence of antibody or an intact
classical complement pathway (Fig. 6). On the other
hand, the uptake of L. pneumophila opsonized in
immune antibody alone was only slightly improved by
heating the bacteria (Fig. 6). Since the enhanced
susceptibility to opsonization in normal serum could
possibly be due to an increased deposition of opsoni-

dS+0I1 /g (c) 25% PHS
IgG

*PMN L
A PM,~
* AMp 1

30 60 5 15 30 60

utes

Figure 4.-Kinetics of L. pneumophila phagocytosis by human polymorphonuclear leucocytes (PMN), peritoneal macrophages
(PM0) and alveolar macrophages (AM0). L. pneumophila was opsonized in either (a) 50% pooled human serum (PHS) with
excess immune IgG, (b) 25% PHS with sub-opsonic amounts ofimmune IgG, or (c) 25% PHS alone. After opsonization, bacteria
were washed and mixed with indicated phagocytic cells. Uptake was recorded after 5, 15, 30 and 60 min. Symbols represent the
means of three separate experiments; parentheses indicate the total ranges.
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(a) L(bI
J

Figure 5. Ultrastructure of heated L. pneumophila compared with control bacteria kept on ice. L. pneumophila was kept at (a) 40
or (b) 1000 for 1 hr and then prepared for electron microscopy. Note major cytoplasmic changes but intact cell wall structure of
heated L. pneumophila. (Magnification x 26, 468.)
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Figure 6. Effect of heat treatment on L. pneumophila interaction with complement and immune antibody. Heated (100° for 1 hr)
and control (40 for 1 hr) L. pneumophila was opsonized in either (a) 10% pooled human serum (PHS), (b) IO% immunoglobulin
(Ig)-deficient serum, (c) 10% serum without complement factor C2, or (d) in a solution of immune IgG in GHBSS. After
opsonization, bacteria were washed and mixed with normal PMN. Uptake was recorded at 5, 15 and 30 min incubation. Symbols
indicate the means of at least two separate experiments; bars represent ranges.

cally active C3b on the surface of heated vs control
Legionellae, the amount of C3 fixed to the surface of
the bacteria was quantitated by immunofluorescence.

44 + 4.1% C3 fixation after pretreatments at 40 and
1000, respectively.

Surprisingly, heated and control L. pneumophila DISCUSSION
bound equal amounts ofC3 when incubated in normal
human serum. In three experiments, L. pneumophila These studies show that both immunoglobulin and
showed a mean + SE of 42 + 4 0% C3 fixation and complement play important roles in the opsonization
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of L. pneumophila (serogroup I). Either immune
antibody or the complement system may provide the
majority of opsonic molecules for this Legionella
strain. Earlier reports also have pointed to the need for
specific antibody; in the absence of such heat-stable
opsonins, internalization of L. pneumophila by phago-
cytic cells proceeds at a much reduced rate (Kishimoto
et al., 1979; Horwitz & Silverstein, 1980b; Johnson et
al., 1979). The results of the present study suggest that
many normal healthy donors, without a previous
history of Legionnaires' disease, do not have levels of
specific antibody sufficient to promote phagocytosis of
L. pneumophila. Only six of 12 donors had detectable
opsonic activity for L. pneumophila when their serum
was tested at full strength. Further studies are needed
to determine whether there is a correlation between the
opsonic activity ofhuman sera and antibody levels as
measured by standard serological techniques.
The critical role ofcomplement in mediating phago-

cytosis of L. pneumophila has received much less
attention. It was previously noted that immune human
serum, at a concentration of 10%, was opsonic for L.
pneumophila only when the complement system
remained intact (Horwitz & Silverstein, 1981). Addi-
tionally, it was observed that when fresh normal
human serum was diluted to a concentration of 25%,
C3 fixation to the surface of L. pneumophila occurred
only when immune antibody was added to the serum
(Horwitz & Silverstein, 1981). These observations
have led these authors to conclude that both immune
antibody and complement are needed for phago-
cytosis of L. pneumophila.

Results ofthe present study indicate that there are at
least two distinct mechanisms for opsonization of L.
pneumophila. Both require immune antibody, but only
one is largely dependent upon the presence ofcomple-
ment. We found that L. pneumophila can be fully
opsonized with immune antibody alone, albeit at
relatively high concentration of IgG. On the other
hand, the role of complement was clearly evident in
experiments that demonstrated adequate L. pneumo-
phila phagocytosis after incubation with subopsonic
concentrations ofimmune antibody plus complement.
It was noted that, in the presence ofcomplement, only
one-tenth the amount of immune antibody was
required for L. pneumophila opsonization, and under
these opsonic conditions phagocytosis was largely
complement-mediated.

These observations may have relevance to clinical
infection with L. pneumophila. During the initial
phases of the development ofhumoral immunity, only

limited amounts of immune antibody may be avail-
able, and clearance of the infecting organisms then
would depend on the presence of an intact comple-
ment system. Such an important role for complement
in the early stage of infection has recently been
demonstrated in studies of in vivo clearance of S.
pneumoniae (Brown et al., 1982). Also, immunization
with the serogroup I surface antigen has been shown to
protect guinea-pigs against intraperitoneal challenge
with L. pneumophila, indicating a potential protective
effect of immune serum antibody (Elliott, Johnson &
Helms, 1981). Additional studies are required, how-
ever, to define the importance of complement, as well
as immune antibody, in the pathogenesis of Legion-
naires' disease. Human tissue macrophages, especially
those from alveolar spaces where Legionnaires' dis-
ease is initiated, were also used to measure L. pneumo-
phila opsonization. Previous studies in our labora-
tories have revealed that, at least for some bacterial
species, the need for opsonins may differ when human
phagocytes other than peripheral blood PMN are used
(Verbrugh et al., 1982a, 1983). Results from this study,
however, would indicate that human tissue macro-
phages require very similar levels and types of
opsonins for the recognition of L. pneumophila as do
PMN.
The interaction of L. pneumophila with the human

complement system was of special interest. Many
previous studies by several groups of investigators
have shown that Gram-negative, as well as Gram-
positive, bacteria are able to activate the complement
system in various ways, and in so doing these
organisms usually become opsonized. The routes of
complement activation vary considerably and include
the following:

(i) antibody-dependent interaction with the classi-
cal complement pathway (Verbrugh et al., 1982b;
Michael, Whitby & Landy, 1962);

(ii) antibody-independent activation of the alterna-
tive pathway (Dierich et al., 1973; Gewurz, Shin &
Mergenhagen, 1968; Verbrugh et al., 1980);

(iii) a direct interaction with classical pathway Cl
which is also independent of antibody (Clas & Loos,
1981; Leist-Welsh & Bjorson, 1982; Bakeret al., 1982);

(iv) an antibody-dependent activation of the alter-
native sequence of complement (Verbrugh et al.,
1982b; Edwards et al., 1980).
Thus, even in the absence of immunoglobulins,

many bacterial species, especially those with the
characteristic outer membrane of Gram-negative
organisms, are capable of activating human comple-
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ment and, thereby, conferring opsonic recognition
upon themselves. To our surprise, the L. pneumophila
Philadelphia 1 strain was not capable of activating
human complement unless immune antibody was also
present. Studies with human sera genetically deficient
in immunoglobulins or certain crucial complement
factors further demonstrated that, even in the presence
of immune antibody, the alternative complement
pathway could not be activated by L. pneumophila.
Furthermore, the interaction of this organism with
complement remained strictly limited to antibody-
dependent classical pathway activation and opsoniza-
tion. Although the physicochemical ultrastructure of
L. pneumophila has not been fully defined, several
studies have indicated that lipopolysacharides, key
activators of complement in the cell walls of other
Gram-negative bacteria, are also present in the L.
pneumophila envelope (Wong et al., 1979). Interest-
ingly, other biological tests for bacterial endotoxicity
such as the rabbit pyrogenicity assay and the local
Schwartzman reaction also showed L. pneumophila to
be a comparatively weak reactor (Wong et al., 1979).
Encapsulation of L. pneumophila could also help
explain its inertness relative to its interaction to the
complement system. Encapsulated strains of other
Gram-negative species, such as E. coli, are known to
have a deminished ability to activate complement and
bind C3 (van Dijk et al., 1979). The ability to evade
complement-mediated opsonization and, thereby,
recognition by phagocytic cells may contribute to the
high virulence of encapsulated E. coli (Howard &
Glynn, 1971). Since L. pneumophila serogroup I has
recently been shown to possess loosely bound capsular
material (Hebert, Callaway & Ewing, 1984), a barrier
to complement interaction may exist. In previous
studies, heat-treatment has been used to remove
capsular material from E. coli (van Dijk et al., 1979)
and we evaluated the effect of such treatment on L.
pneumophila. Heating at .800 indeed increased the
susceptibility of Legionellae to opsonization with
diluted pooled normal serum. Interestingly, that treat-
ment did not confer upon L. pneumophila the ability to
activate the alternative complement pathway. In addi-
tion, the amounts of C3 that became fixed to L.
pneumophila during opsonization did not change
significantly. We therefore conclude that L. pneumo-
phila possesses an unique surface structure that, in its
native form, restricts complement activation as well as
recognition by phagocytic cells. The lack of an
antibody-independent mechanism of activating com-
plement undoubtedly contributes to L. pneumophila

high level of resistance to opsonization by normal,
non-immune serum. In order to more fully define and
understand the role of complement in host defence
against the Legionnaires' disease bacterium, further
studies are needed to quantitate and localize both the
site and distribution of C3 molecules in relation to
various structures of its outer membrane.
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