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Incubation of Legionella pneumophila Philadelphia 1 in normal human serum depleted of either classical-
pathway component C1q or alternative-pathway component factor B resulted in activation of the complement
system. Experiments focused on the role of the classical pathway in complement activation revealed that
legionellae bound C1q independently of antibody. Purified preparations of L. pneumophila major outer mem-
brane protein but not serogroup 1 lipopolysaccharide bound C1q independently of antibody. This suggests that
antibody-independent binding of C1q by L. pneumophila can result in activation of the classical pathway in
normal human serum and that major outer membrane protein may be a C1q acceptor on the L. pneumophila
cell surface.

Legionella pneumophila is a gram-negative, facultative intra-
cellular bacterium that can enter and multiply within a variety
of eukaryotic cells including mononuclear phagocytes (15, 26),
cultured human and animal cells (5, 27), and free-living amoe-
bae (7, 14, 25). Although the mechanism(s) by which L. pneu-
mophila enters cultured mammalian cell lines and amoebae is
not completely understood, it is well established that the op-
sonin C3 (as activated C3b) and phagocyte complement recep-
tors CR1 and CR3 participate in the uptake of L. pneumophila
by human monocytes and alveolar macrophages (4, 26).
Several years ago, Bellinger-Kawahara and Horwitz (4)

demonstrated that the L. pneumophila major outer membrane
protein (MOMP) can activate complement and selectively bind
C3 during incubation of whole cells of L. pneumophila Phila-
delphia 1 in normal human serum (NHS). Furthermore, they
showed that MOMP-containing liposomes incubated in NHS
could bind C3 and attach to human monocyte monolayers in a
complement-dependent manner. These results indicated that
MOMP acted as a complement activator and that MOMP
played a critical role in the complement-dependent uptake of
legionellae by human mononuclear phagocytes. Of interest,
Bellinger-Kawahara and Horwitz also reported that activation
of complement in NHS by viable legionellae occurred exclu-
sively via the alternative pathway. On the basis of their find-
ings, MOMP is thought to activate the alternative pathway,
bind C3, and promote the uptake of L. pneumophila by human
monocytes and macrophages. However, in contrast with the
findings of Bellinger-Kawahara and Horwitz, others have
noted that incubation of legionellae in NHS resulted in acti-
vation of the classical pathway with no detectable activation of
the alternative pathway (22, 31). Moreover, Verbrugh et al.
(31) and Husmann and Johnson (16) showed that the classical
pathway appears to play an important role in the uptake of
legionellae by mononuclear phagocytes.
In the present study, we sought to clarify the roles of the

classical and alternative pathways in the activation of comple-
ment by L. pneumophila.

L. pneumophila activates both the classical pathway and the
alternative pathway in NHS. In the report by Bellinger-Kawa-
hara and Horwitz, the ability of strain Philadelphia 1 to bind
C3 in NHS treated with EGTA [ethylene glycol-bis(b-amino-
ethyl ether)-N,N,N9,N9-tetraacetic acid] and Mg21 suggested
that activation of complement in NHS by L. pneumophila oc-
curred via the alternative pathway (4). EGTA treatment inhib-
its the classical pathway but leaves the alternative pathway
intact and reactive (8, 17). It is important to note, however,
that although EGTA-treated serum is frequently used to mea-
sure the involvement of the alternative pathway in C activation,
EGTA-chelated serum does not always yield clear-cut results
(17). Therefore, to more clearly define the roles of the classical
and alternative pathways in the activation of complement by L.
pneumophila, we assessed the ability of whole cells of strain
Philadelphia 1 to bind C3 during incubation in C1q-depleted
serum (which is devoid of classical pathway activity) or factor
B-depleted serum (which lacks a functional alternative path-
way). C3 binding to strain Philadelphia 1 was measured by an
enzyme-linked immunosorbent assay (ELISA) similar to the
one described previously by Bellinger-Kawahara and Horwitz
(4).
In these experiments, 108 late-logarithmic-phase cells of

strain Philadelphia 1, harvested from ACES [N-(2-acetamido)-
2-aminoethanesulfonic acid]-buffered charcoal-yeast extract
plates, were incubated for 1 h at 378C in pooled NHS (PNHS)
(prepared in our laboratory as previously described [23])
treated with 20 mM EGTA plus 10 mM MgCl2 or NHS de-
pleted of either C1q or factor B. Bacteria were also incubated
in C1q-depleted NHS reconstituted with purified human C1q-
and factor B-depleted NHS that contained added purified hu-
man factor B. C3 binding to legionellae incubated in each of
the previously mentioned sera treated with 20 mM EDTA
(which inhibits both complement pathways) was also mea-
sured. Complement component-depleted NHS and purified
human C1q and factor B were obtained from Sigma Chemical
Co., St. Louis, Mo., or Quidel, San Diego, Calif. Analysis of
commercial preparations of purified C1q and factor B by so-
dium dodecyl sulfate-polyacrylamide gel electrophoresis and
immunoelectrophoresis confirmed that each preparation con-
tained a single protein species that corresponded to either C1q
or factor B. Functional hemolytic assays confirmed that C1q-
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deficient NHS was devoid of classical activity but contained a
functional alternative pathway whereas factor B-depleted NHS
lacked a functional alternative pathway but retained classical
pathway activity (22).
After incubation in the various sera, bacteria were collected

by centrifugation, washed several times with phosphate-buff-
ered saline (PBS), and resuspended to a concentration of 108/
ml. Then, 0.1-ml samples of the bacterial suspensions were
dispensed in triplicate to wells of 96-well tissue culture plates
(Falcon, Lincoln Park, N.J.) and allowed to evaporate to dry-
ness by overnight incubation at 378C. The wells were treated
with PBS containing 3% bovine serum albumin (BSA) for 2 h
at ambient temperature to block nonspecific protein binding.
The blocked wells were washed several times with PBS, incu-
bated with peroxidase-conjugated goat anti-human C3 immu-
noglobulin G (IgG) (Cappel, West Chester, Pa.) for 2 h at
room temperature, washed again, and incubated with peroxi-
dase substrate (23). Color was allowed to develop for 20 min,
and A405 was measured immediately. Final A405 values were
calculated by subtracting the A405 of legionellae incubated in
EDTA-chelated NHS from the A405 of cells incubated in the
corresponding serum devoid of EDTA. This was done to con-
trol for nonspecific binding of antibodies to C3 to opsonized
Philadelphia 1 cells.
Bacteria incubated in PNHS bound substantial amounts of

C3 (Fig. 1). In agreement with the findings of Bellinger-Kawa-
hara and Horwitz, Philadelphia 1 cells incubated in PNHS
treated with EGTA and Mg21 retained the ability to bind C3.
However, in contrast to their results, we consistently observed
a reduction in C3 binding by bacteria incubated in EGTA-
treated PNHS compared with untreated PNHS (Fig. 1).
Philadelphia 1 cells incubated in factor B-depleted serum

bound small amounts of C3 (Fig. 1). C3 binding by these cells
increased twofold after the addition of physiological amounts
of purified factor B (250 mg/ml) to the factor B-depleted serum
(Fig. 1). Together, these data indicated that the alternative
pathway played a role in the activation of complement by strain
Philadelphia 1. However, it is important to note that, in the
absence of a functional alternative pathway, the bacteria re-

tained the ability to bind C3. This provided evidence that the
classical pathway contributed to complement activation during
incubation of legionellae in NHS.
Philadelphia 1 cells incubated in C1q-depleted serum bound

very little C3 (Fig. 1). This result was somewhat surprising,
since we had previously demonstrated that the alternative
pathway is involved in complement activation by L. pneumo-
phila. It is likely that the small amount of C3 bound by legio-
nellae incubated in C1q-depleted NHS resulted from a dimi-
nution in alternative pathway activity following the removal of
C1q from this serum (24). Nevertheless, the addition of phys-
iological amounts of purified C1q (150 mg/ml) to C1q-depleted
NHS resulted in an almost eightfold increase in the amount of
C3 bound by Philadelphia 1 cells (Fig. 1). This result clearly
demonstrated that the classical pathway played a role in the
activation of complement by strain Philadelphia 1 during in-
cubation in NHS.
Antibody-independent binding of C1q to viable legionellae.

Activation of the classical pathway can occur via antibody-
dependent or -independent mechanisms. Antibody-dependent
activation of the classical pathway is initiated via binding of
C1q to the Fc portion of immunoglobulins bound to the com-
plement activator (24, 32). In contrast, antibody-independent
activation occurs by the direct binding of C1q to the activator
(20, 21). To determine which of these two mechanisms con-
tributed to the activation of the classical pathway, we measured
the amount of C1q bound by legionellae incubated in PNHS or
immunoglobulin-deficient serum.
Immunoglobulin-deficient serum (kindly provided by

Charles Mitchell, University of Miami School of Medicine,
Miami, Fla.) was obtained from an agammaglobulinemic (AG)
patient with Bruton’s disease. Functional hemolytic assays in-
dicated that the classical and alternative pathways were intact
and reactive in the AG serum and that the same serum con-
tained normal levels of C1, C2, C3, and C4 (22). Three sero-
group 1 strains, Philadelphia 1, Knoxville 1, and Ver5, and one
serogroup 3 strain, Bloomington 2, were used in these exper-
iments. These strains of L. pneumophila were selected because

FIG. 1. L. pneumophila Philadelphia 1 binds C3 via activation of the classical and alternative pathways of complement. C3 binding by bacteria incubated in each
of the indicated sera was measured by an ELISA as described in the text. Reconstituted factor B-depleted serum contained 250 mg of purified factor B per ml, whereas
reconstituted C1q-depleted serum contained 150 mg of purified human C1q per ml. A405 was calculated by subtracting the A405 of legionellae incubated in
EDTA-chelated serum from the A405 of cells incubated in the corresponding serum not treated with EDTA.

4940 NOTES INFECT. IMMUN.



they had previously been shown to activate complement and
bind substantial amounts of C3 (4, 29).
To measure the binding of C1q to viable legionellae, late-

logarithmic to early-stationary-phase cells of L. pneumophila
were harvested after 3 days of growth at 378C on ACES-
buffered charcoal-yeast extract agar plates; washed several
times in glucose-gelatin-Veronal buffer supplemented with
0.5 mM MgCl2, 0.15 M CaCl2, and 75 mM NaCl (pH 7.5)
(DGVB21); and adjusted to a concentration of 5 3 108/ml.
One-milliliter portions of the bacterial suspension were added
to four sterile 1.9-ml Microfuge tubes (Baxter Scientific, Mi-
ami, Fla.) and centrifuged at 8,000 rpm for 6 min in a Savant
Microfuge (Savant Instruments Inc., Farmingdale, N.Y.). The
pellets were suspended in 100 ml of PNHS, AG serum, heat-
inactivated (568C for 30 min) PNHS (HI-PNHS), or DGVB21

and incubated with rotation for 1 h at 378C. The cells were
recovered by centrifugation, washed twice with DGVB21 (1.0
ml per wash), and then incubated with rotation for 1 h at 258C
in 250 ml of DGVB21 that contained 2 3 105 cpm of 125I-
labeled goat anti-human C1q IgG. C1q antibodies were ob-
tained from Cappel and labeled with 125I by the Iodobead
method outlined by the manufacturer (Pierce Chemical Co.,
Rockford, Ill.). Cells were recovered by centrifugation and
washed three times with 1.0 ml of DGVB21 to remove non-
specifically bound radioactivity. After the final wash, the tips of
the Microfuge tubes were cut off, and the amount of radioac-
tivity associated with each bacterial pellet was measured in a
gamma counter (Pharmacia, Gaithersburg, Md.). The amount
of 125I-labeled C1q antibody bound by bacteria incubated in
PNHS, AG serum, or HI-PNHS was determined after subtract-
ing the radioactivity bound by bacteria incubated in DGVB21

(which represented nonspecific binding of the 125I-labeled C1q
antibodies). The number of C1q molecules per bacterium was
calculated by assuming that the number is the same as the
number of molecules of 125I-IgG bound per cell during incu-
bation in the antiserum. The calculations were based on a
molecular mass for goat IgG of 150,000 Da.
The results of these experiments indicated that the sero-

group 3 strain and all of the serogroup 1 strains bound C1q
after incubation in PNHS and AG serum (Fig. 2). C1q binding
was greatly diminished when bacteria were incubated in HI-
PNHS. This was expected because C1q is heat labile (24). Of
interest, all of the strains bound similar amounts of C1q, ca.
170 to 230 molecules per cell. Moreover, there was no differ-

ence in the amount of C1q bound by each of the strains after
incubation in PNHS or AG serum. These results, along with
the C3 binding data presented above, suggested that L. pneu-
mophila activates the classical pathway in NHS via the direct
binding of C1q to its cell surface.
Isolated MOMP binds C1q. As mentioned previously,

MOMP can activate complement and bind C3 (4). Of interest,
outer membrane proteins and porins from several gram-nega-
tive bacteria including Escherichia coli, Salmonella typhi-
murium, Salmonella minnesota, and Klebsiella pneumoniae can
bind human C1q directly (1, 18, 21, 28). To determine whether
MOMP can act as a C1q acceptor on the L. pneumophila
surface, we tested the interaction between human C1q and
isolated MOMP preparations. In these experiments, various
amounts of MOMP, which was isolated and purified from
strain Philadelphia 1 by the methods of Ehret and Ruckdeschel
(6), or BSA were blotted to nitrocellulose by using a slot blot
apparatus (Bethesda Research Laboratories, Bethesda, Md.).
These blots were incubated in Tris-buffered saline (15 mM
Tris-HCl, 150 mM NaCl [pH 8.0]) containing 3% BSA (TBS-
BSA) for 2 h at 258C, washed several times with TBS, and
incubated in 5 ml of TBS-BSA containing 5 mg of purified
human C1q per ml for 15 min at room temperature with gentle
shaking. The C1q used in these experiments was purified from
NHS as described by Zhang et al. (33) and did not contain any
detectable IgG or IgM antibodies (22). After incubation, the
blots were washed once with TBS, once with TBS plus 0.1%
Nonidet P-40 (Sigma) (TBS-NP40), and once with TBS to
remove any nonspecifically bound C1q. The blots were then
incubated with 5 3 104 cpm of 125I-labeled goat anti-human
C1q IgG (0.28 mCi/mg) per ml in 5 ml of TBS-BSA for 1 h at
258C with gentle shaking. After incubation, the blots were
washed three times with TBS and TBS-NP40 as described
above, dried, and subjected to autoradiography using X-Omat
AR film (Kodak, Rochester, N.Y.).
The results from these experiments indicated that purified

MOMP bound C1q whereas BSA did not (Fig. 3A). Similar
results were obtained when blots containing purified MOMP

FIG. 3. Binding of purified human C1q to MOMP. Equal amounts of
MOMP, LPS, and BSA were slot blotted onto nitrocellulose, incubated with
human C1q (5 mg/ml) for 15 min at 258C, and probed with 125I-labeled antibodies
to C1q as described in the text. (A) Amount of MOMP or BSA (in micrograms):
lane 1, 50; lane 2, 25; lane 3, 12.5; lane 4, 6.25; lane 5, 3.12; lane 6, 1.56. (B)
Amount of MOMP or LPS (in micrograms): lane 1, 25; lane 2, 12.5; lane 3, 6.25;
lane 4, 3.12; lane 5, 1.56; lane 6, 0.75.

FIG. 2. Binding of human C1q to different strains of L. pneumophila. Each L.
pneumophila strain (5 3 108 cells) was incubated in PNHS, HI-PNHS, or AG
serum for 1 h at 378C. After incubation, bound C1q was detected with 125I-
labeled antibodies to C1q, and the number of C1q molecules per cell was
calculated as described in the text. Abbreviations: Phil 1, Philadelphia 1; Knox 1,
Knoxville 1; Bloom 2, Bloomington 2.
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or BSA were incubated in immunoglobulin-deficient AG se-
rum (22).
It has been reported that C1q can bind to the lipid A portion

of some lipopolysaccharides (LPS) (19, 23). We determined by
ELISA that our MOMP preparations contained ca. 0.3 mg of
serogroup 1 LPS per 100 mg of MOMP. To determine whether
the small amount of LPS contained in our MOMP prepara-
tions was responsible for C1q binding, blots containing equal
amounts of MOMP and serogroup 1 LPS, prepared as de-
scribed by Mintz et al. (23), were incubated with purified hu-
man C1q and then probed with 125I-labeled antibodies to C1q
as described above. In contrast to MOMP, purified serogroup
1 LPS failed to bind detectable amounts of C1q (Fig. 3B).
The results of experiments outlined above suggested that

MOMP may be the ligand responsible for the antibody-inde-
pendent binding of C1q to the L. pneumophila cell surface.
However, unlike two other complement components, i.e., C3b
and C4b, C1q binds to activators via noncovalent interactions
(24). This prevented us from using cell fraction techniques
coupled with Western blot (immunoblot) analysis to determine
whether C1q could bind directly to MOMP found on the L.
pneumophila cell surface. Instead, we reasoned, if C1q can bind
to MOMP on the L. pneumophila surface, then bound C1q may
sterically hinder the binding of MOMP antibodies to legionel-
lae after incubation in NHS. To test this possibility, we per-
formed the following experiments.
Late-logarithmic-phase cells (53 108) of strain Philadelphia

1 were incubated in AG serum, HI-AG, and DGVB21 (all of
which contained 20 mM EDTA) for 1 h at 378C. HI-AG serum
was included in these experiments to control for nonspecific
binding of radiolabeled antibodies to opsonized legionellae. It
was necessary to add EDTA to serum preparations in these
experiments because a previous report (4) indicated that
MOMP can bind activated C3 during incubation in NHS.
EDTA inhibits the classical and alternative pathways and pre-
vents C3 activation but does not interfere with C1q binding
(24, 33). After incubation, 150,000 cpm of 125I-labeled poly-
clonal antibodies to MOMP (prepared in this laboratory) were
added to duplicate samples of each bacterial suspension, the
samples were incubated for 1 h at 258C, and the amount of
cell-associated radioactivity was determined as described pre-
viously. The amount of C1q bound by opsonized legionellae in
these experiments was determined by adding 125I-labeled C1q
antibodies to bacterial suspensions that were not treated with
radiolabeled MOMP antibodies. The number of C1q mole-
cules bound per cell was calculated as described above.
The amount of C1q bound by Philadelphia 1 cells was es-

sentially the same as that observed in previous experiments
(Fig. 2). However, there was no detectable decrease in the
amount of MOMP antibody bound by legionellae incubated in
AG serum compared with cells incubated in buffer or HI-AG
(22). This indicated that the presence of C1q on the Philadel-
phia 1 cell surface did not interfere with the binding of anti-
bodies directed against MOMP.
The results of the present study, for NHS depleted of either

classical pathway activity or alternative pathway activity, indi-
cated that both pathways participate in the activation of com-
plement during incubation of strain Philadelphia 1 in NHS
(Fig. 1). As mentioned above, Bellinger-Kawahara and Hor-
witz found that incubation of Philadelphia 1 in NHS resulted in
activation of the alternative pathway, whereas the work of
Verbrugh et al. suggested that activation of complement oc-
curred via the classical pathway. Differences in the assay sys-
tems used to measure complement activation in these studies
may partially account for the seemingly disparate results ob-
tained by these two groups. Nevertheless, it is apparent from

our study that both pathways contributed to the activation of
complement by L. pneumophila.
The ability of isolated L. pneumophila MOMP (which was

previously determined to be a porin [9]) to bind C1q indepen-
dently of antibody (Fig. 3) is consistent with the results of
several investigators who demonstrated that porins from other
gram-negative bacteria, including S. minnesota (18, 28), S. ty-
phimurium (20), and K. pneumoniae (1), can directly bind C1q.
Moreover, the direct binding of C1q by bacterial porins can
result in activation of the classical pathway during incubation
of purified porins in NHS (1, 10). In agreement with these
observations, we recently determined, using functional hemo-
lytic assays (23), that purified MOMP preparations can activate
the classical pathway in immunoglobulin-deficient AG serum
(22).
The molecular basis of C1q binding to bacterial porins is not

known. It has been suggested that the negative charge of many
porins (pI 4.5 to 5.0) may explain binding of the positively
charged C1q (pI . 9.0). In agreement with this idea, Hoffman
and coworkers (12, 13) determined that L. pneumophila
MOMP is a negatively charged molecule with a pI of 4.59. Of
interest, Albertı́ et al. (2) recently localized a putative C1q
binding site on the outer membrane protein K36 porin of K.
pneumoniae that resembles the binding site known to mediate
the interaction between C1q and the Fc portion of IgG anti-
bodies. These authors suggested that a common C1q binding
motif may be present in bacterial porins since all porins tested
to date bind C1q. The gene encoding L. pneumophila MOMP
has been cloned and sequenced (12). In light of the findings of
Albertı́ et al. and our results, which showed that L. pneumo-
phila MOMP can bind C1q independently of antibody, we are
currently examining the deduced amino acid sequence of
MOMP for possible C1q binding domains.
Since incubation of L. pneumophila in NHS activated the

classical pathway (Fig. 1), it was not surprising that incubation
of viable, intact L. pneumophila cells in either NHS or AG
resulted in binding of C1q to the organism’s cell surface (Fig.
2). The binding of equivalent amounts of C1q by legionellae
incubated in NHS or AG suggested that binding of C1q to the
L. pneumophila cell surface was antibody independent. On the
basis of the ability of purified MOMP to bind C1q, MOMP
may be the C1q binding ligand during incubation of whole
legionellae in NHS. However, the results of experiments to
determine whether MOMP can act as a C1q acceptor on the L.
pneumophila cell surface were inconclusive. As mentioned pre-
viously, preincubation of strain Philadelphia 1 in EDTA-
treated PNHS and AG serum resulted in deposition of C1q on
the L. pneumophila surface but failed to interfere with the
binding of polyclonal antibodies directed against MOMP. One
explanation for these results is that only a small number of
MOMP molecules on the L. pneumophila cell surface actually
bind C1q during incubation of legionellae in serum. If this is
the case, then a detectable decrease in binding of polyclonal
MOMP antiserum would not be expected since the majority of
MOMP molecules could still react with the antibodies to
MOMP. The binding of relatively small amounts of C1q by the
strains of L. pneumophila tested in our study would tend to
support this idea. Additional experiments using radiolabeled
C1q and cross-linking agents may define the mechanism by
which MOMP binds C1q during incubation of legionellae in
NHS.
Horwitz and coworkers (4, 26) have proposed that opsonic

C3 (as C3b) and corresponding phagocyte complement recep-
tors CR1 and CR3 promote the uptake of L. pneumophila by
mononuclear phagocytes. However, on the basis of our find-
ings, it is tempting to speculate that C1q found on the L.
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pneumophila surface may facilitate uptake via C1q receptors
present on mononuclear phagocytes (11, 30). In support of this
idea, Alvarez-Dominguez et al. (3) recently demonstrated that
C1q found on the surface of Listeria monocytogenes promoted
the phagocytosis of this organism via C1q receptors found on
murine macrophages. Future studies are planned to determine
whether C1q and corresponding C1q receptors plays a similar
role in the uptake of L. pneumophila by human mononuclear
phagocytes.

Part of this research was supported by Public Health Service grant
AI 26532 from the National Institutes of Health, awarded to W. John-
son.
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2. Albertı́, S., F. Rodrı́quez-Quiñones, T. Schirmer, G. Rummel, J. M. Tomás,
J. P. Rosenbusch, and V. J. Benedı́. 1995. A porin from Klebsiella pneu-
moniae: sequence homology, three-dimensional model, and complement
binding. Infect. Immun. 63:903–910.

3. Alvarez-Dominguez, A., E. Carrasco-Marin, and F. Leyva-Cobian. 1993.
Role of complement component C1q in phagocytosis of Listeria monocyto-
genes by murine macrophage-like cell lines. Infect. Immun. 61:3664–3672.

4. Bellinger-Kawahara, C., and M. A. Horwitz. 1990. Complement component
C3 fixes selectively to the major outer membrane protein (MOMP) of Le-
gionella pneumophila and mediates phagocytosis of liposome-MOMP com-
plexes by human monocytes. J. Exp. Med. 172:1201–1210.

5. Dreyfus, L. A. 1987. Virulence associated ingestion of Legionella pneumo-
phila by HeLa cells. Microb. Pathog. 3:45–52.

6. Ehret, W., and G. Ruckdeschel. 1985. Membrane proteins of Legionellaceae.
I. Membrane proteins of different strains and serogroups of Legionella pneu-
mophila. Zentralbl. Bakteriol. Parasitenkd. Infektionskr. Hyg. Abt. 1 Orig.
259:433–455.

7. Fields, B. S., J. M. Barbaree, E. B. Schotts, J. C. Feeley, W. Morrill, G. S.
Sanden, and M. J. Dykstra. 1986. Comparison of the guinea pig and proto-
zoan models for determining the virulence of Legionella species. Infect.
Immun. 53:553–559.

8. Forsgren, A., R. H. Mclean, A. F. Michael, and P. G. Quie. 1975. Studies on
the alternative pathway in chelated serum. J. Lab. Clin. Med. 85:904–912.

9. Gabay, J. E., M. Blake, W. D. Niles, and M. A. Horwitz. 1985. Purification of
Legionella pneumophila major outer membrane protein and demonstration
that it is a porin. J. Bacteriol. 162:85–91.

10. Galdiero, F., M. A. Tufano, L. Sommese, A. Folgore, and F. Tedesco. 1984.
Activation of complement system by porins extracted from Salmonella typhi-
murium. Infect. Immun. 46:559–563.

11. Guan, E., W. H. Burgess, S. L. Robinson, E. B. Goodman, K. J. McTique,
and A. J. Jenner. 1991. Phagocytic cell molecules that bind the collagen-like
region of C1q. J. Biol. Chem. 266:20345–20355.

12. Hoffman, P. S., M. Ripley, and R. Weeratna. 1992. Cloning and nucleotide
sequence of a gene (ompS) encoding the major outer membrane protein of
Legionella pneumophila. J. Bacteriol. 174:914–920.

13. Hoffman, P. S., J. H. Seyer, and C. A. Butler. 1992. Molecular characteriza-
tion of the 28- and 31-kilodalton subunits of the Legionella pneumophila
major outer membrane protein. J. Bacteriol. 174:908–913.

14. Holden, E. P., H. H. Winkler, D. O. Wood, and E. D. Leinbach. 1984.
Intracellular growth of Legionella pneumophila within Acanthamoeba castel-
lanii Neff. Infect. Immun. 45:18–25.

15. Horwitz, M. A., and S. C. Silverstein. 1980. Legionnaires’ disease bacterium
multiplies intracellularly in human monocytes. J. Clin. Invest. 66:441–450.

16. Husmann, L. K., and W. Johnson. 1992. Adherence of Legionella pneumo-
phila to guinea pig peritoneal macrophages, J774 mouse macrophages, and
undifferentiated U937 human monocytes: role of Fc and complement recep-
tors. Infect. Immun. 60:5212–5218.

17. Joiner, K. A., A. Hawiger, and J. A. Gelfand. 1983. A study of optimal
reaction conditions for an assay of the human alternative complement path-
way. Am. Soc. Clin. Pathol. 79:65–72.

18. Latsch, M., J. Mollerfeld, H. Ringsdorf, and M. Loos. 1990. Studies on the
interaction of C1q, a subcomponent of the first component of complement,
with porins from Salmonella minnesota incorporated into artificial mem-
branes. FEBS Lett. 276:201–204.

19. Loos, M., D. Bitter-Suermann, and M. Dierich. 1974. Interaction of the first
(C1), the second (C2) and the fourth (C4) component of complement with
different preparations of bacterial lipopolysaccharide and with lipid A. J.
Immunol. 112:935–940.

20. Loos, M., and F. Clas. 1986. Antibody-independent killing of gram-negative
bacteria via the classical pathway of complement. Immunol. Lett. 14:203–
208.

21. Loos, M., B. Wellek, R. Thesen, and W. Opferfuch. 1978. Antibody-indepen-
dent interaction of the first component of complement with gram-negative
bacteria. Infect. Immun. 22:5–9.

22. Mintz, C. S., P. I. Arnold, and D. R. Schultz. Unpublished data.
23. Mintz, C. S., P. I. Arnold, D. R. Schultz, and W. Johnson. 1992. Legionella

pneumophila lipopolysaccharide activates the classical complement pathway.
Infect. Immun. 60:2769–2776.

24. Mueller-Eberhard, H. J., and H. G. Kunkel. 1961. Isolation of a thermolabile
serum protein which precipitates gamma globulin aggregates and partici-
pates in immune hydrolysis. Proc. Soc. Exp. Biol. Med. 106:291–295.

25. Newsome, A. L., R. L. Baker, R. D. Miller, and R. R. Arnold. 1985. Interac-
tions between Naegleria fowleri and Legionella pneumophila. Infect. Immun.
50:449–452.

26. Payne, N., and M. A. Horwitz. 1987. Phagocytosis of Legionella pneumophila
is mediated by human complement receptors. J. Exp. Med. 166:1377–1389.

27. Pearlman, D., A. H. Jiwa, N. C. Engelberg, and B. I. Eisenstein. 1988.
Growth of Legionella pneumophila in a human macrophage-like (U937) line.
Microb. Pathog. 5:87–95.

28. Stemmer, F., and M. Loos. 1985. Evidence for direct binding of the first
component of complement, C1, to outer membrane proteins of Salmonella
minnesota. Curr. Top. Microbiol. Immunol. 121:73–84.

29. Summersgill, J. T., M. J. Raff, and R. D. Miller. 1988. Interactions of virulent
and avirulent Legionella pneumophila with human polymorphonuclear leu-
kocytes. Microb. Pathog. 5:41–47.

30. Tenner, A. J., and N. R. Cooper. 1980. Analysis of receptor-mediated C1q-
binding to human peripheral blood mononuclear cells. J. Immunol. 125:
1658–1664.

31. Verbrugh, H. A., D. A. Lee, G. R. Elliot, W. F. Keane, J. R. Hoidal, and P. K.
Peterson. 1985. Opsonization of Legionella pneumophila in human serum;
key roles for specific antibodies and the classical complement pathway.
Immunology 54:643–653.

32. Vroon, D. H., D. R. Schultz, and R. M. Zarco. 1970. The separation of nine
components and two inactivators of components of complement in human
serum. Immunochemistry 7:43–61.

33. Zhang, S. C., D. R. Schultz, and U. S. Ryan. 1986. Receptor mediated
binding of C1q on pulmonary endothelial cells. Tissue Cell 18:13–18.

Editor: B. I. Eisenstein

VOL. 63, 1995 NOTES 4943


