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STATE OF THE ART LECTURE

Interactions Between Legionella pneumophila and Human
Mononuclear Phagocytes

MARCUS A. HORWITZ
Laboratory of Cellular Physiology and Immunology, The Rockefeller University, New York, New York 10021

Legionella pneumophila multiplies intracellu-
larly in human mononuclear phagocytes (4;
T. W. Nash, D. M. Libby, and M. A. Horwitz,
Program Abstr. Intersci. Conf. Antimicrob.
Agents Chemother. 22nd, Miami Beach, Fla.,
abstr. no. 93, 1982). This capability is central to
the pathogenesis of Legionnaires disease and
confronts the human immune defense system
with a special challenge. This article summarizes
in vitro studies on the interactions between L.
pneumophila and human mononuclear and poly-
morphonuclear phagocytes. The article dis-
cusses the intracellular replication of L. pneu-
mophila in human mononuclear phagocytes, the
influence of antibody and complement on L.
pneumophila-phagocyte interactions, the influ-
ence of phagocyte activation on L. pneumophi-
la-mononuclear phagocyte interactions, the in-
fluence of antibiotics on intracellular L.
pneumophila, phagocytosis of L. pneumophila,
the formation of a novel phagosome in mononu-
clear phagocytes by L. pneumophila, and the
capacity of L. pneumophila to inhibit phago-
some-lysosome fusion.

Intracellular multiplication of L. prneumophila.
L. pneumophila multiplies intracellularly in hu-
man peripheral blood monocytes (4) (Fig. 1) and
in human alveolar macrophages obtained by
bronchoalveolar lavage (Nash et al., 22nd
ICAAC, abstr. no. 93). L. pneumophila does not
multiply in the presence of human polymorpho-
nuclear leukocytes, human lymphocytes, or tis-
sue culture medium whether or not the medium
is conditioned by human monocytes (4). Inside
monocytes, the bacterium multiplies with a dou-
bling time of about 2 h at midlogarithmic phase
(4).

L. pneumophila is thus an intracellular para-
site. Since the bacterium multiplies extracellu-
larly on complex medium, it is a facultative
intracellular parasite. L. pneumophila therefore
belongs to a special group of bacterial pathogens
that can evade host defenses by parasitizing
mononuclear phagocytes. This group includes
Mycobacterium tuberculosis, Mycobacterium
leprae, Listeria monocytogenes, Francisella tu-
larensis, Brucella spp., and Salmonella spp.

Role of humoral immunity. Patients with Le-
gionnaires disease respond to the infection by
producing antibody against L. pneumophila. In
vitro studies have examined three potential
functions of such antibody in promoting host
defense. The studies have examined (i) whether
antibody promotes Kkilling of L. preumophila by
complement, (ii) whether antibody promotes
phagocytosis and Killing of L. pneumophila by
human phagocytes, and (iii) whether antibody
inhibits the multiplication of L. preumophila in
monocytes.

Regarding the first potential function of anti-
body in host defense, virulent egg yolk-grown L.
pneumophila, Philadelphia 1 strain, is complete-
ly resistant to the bactericidal effects of human
serum even in the presence of high-titer anti-L.
pneumophila human or rabbit antibody (5).

Regarding the second potential function of
antibody in host defense, antibody in the pres-
ence of complement markedly promotes phago-
cytosis of L. pneumophila by human polymor-
phonuclear leukocytes and human monocytes
(5, 6). In the presence of antibody and comple-
ment, virtually all the bacteria in an inoculum
are ingested and enclosed within membrane-
bound vacuoles (5). In contrast, in the presence
of antibody alone or complement alone, phago-
cytosis is very inefficient (5, 6).

Whereas phagocytosis of L. pneumophila
coated with antibody and complement is very
efficient, Killing of these bacteria by human
phagocytes is not. Human polymorphonuclear
leukocytes and monocytes kill only about 0.5 log
of an inoculum. In contrast, at the same time and
under the same conditions, polymorphonuclear
leukocytes very effectively kill an encapsulated
serum-resistant strain of Escherichia coli, reduc-
ing the number of viable bacteria by 2.5 log (5)
(Fig. 2). When E. coli and L. pneumophila are
mixed together in the same test tube, polymor-
phonuclear leukocytes kill the E. coli as effec-
tively as when the E. coli are present alone,
indicating that the killing capacity of polymor-
phonuclear leukocytes is not reduced in cultures
containing L. pneumophila.

Thus anti-L. preumophila antibody in the
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FIG. 1. L. pneumophila multiplies in the presence
of monocytes (adherent cells) but not lymphocytes
(nonadherent cells). L. pneumophila (10° CFU) was
added to petri dishes containing 2.2 ml of RPMI, 15%
serum, and either 2.2 x 10° or 5 x 10° mononuclear
cells, 2.2 x 10° adherent mononuclear cells selected
from 5 X 10° mononuclear cells, or 2.2 X 10° nonad-
herent mononuclear cells selected from the same
mononuclear cell population. The cultures were incu-
bated at 37°C in 5% C0,-95% air on a gyratory shaker
(100 rpm) for 3 h and under stationary conditions
thereafter. CFU of L. pneumophila in each petri dish
were determined daily. Each point represents the
average for three replicate petri dishes * standard
error. (Reproduced from reference 4.)

presence of complement markedly promotes
phagocytosis of L. pneumophila but promotes
only a modest degree of killing by human phago-
cytes.

Regarding the third potential function of anti-
body in host defense, antibody does not signifi-
cantly influence the rate of intracellular multipli-
cation of L. preumophila in human monocytes
(Fig. 3). In cultures containing antibody and

complement, a small proportion (0.25 to 0.5 log)
of the bacterial inoculum is killed initially. L.
pneumophila surviving the initial encounter with
monocytes multiply at as rapid a rate as bacteria
that enter monocytes in the absence of antibody
(6).

Thus, in vitro studies have examined three
major ways by which antibody might function to
promote host defense. These studies have re-
vealed (i) that specific antibody fails to promote
killing of L. pneumophila by complement, (ii)
that antibody and complement together fail to
promote effective killing of L. preumophila by
polymorphonuclear leukocytes and monocytes,
and (iii) that antibody and complement fail to
inhibit the rate of multiplication of L. pneumo-
phila in monocytes. These findings suggest that
humoral immunity may not be an effective host
defense against L. pneumophila and that a vac-
cine that results only in antibody production
against L. pneumophila may not be efficacious
(5, 6).

Role of cell-mediated immunity. Cell-mediated
immunity plays an important role in host defense
against many intracellular parasites (3). In vitro
studies have examined the potential role of cell-
mediated immunity in Legionnaires discase by
investigating (i) whether activated human mono-
nuclear phagocytes have the capacity to inhibit
L. pneumophila multiplication and (ii) whether
patients with Legionnaires disease develop cell-
mediated immunity to L. pneumophila.

Regarding the microbistatic capacity of acti-
vated mononuclear phagocytes, human mono-
cytes activated by incubation with human lym-
phocytes in the presence of the mitogen
concanavalin A strongly inhibit the intracellular
multiplication of L. preumophila (7). Under
these conditions, both lymphocytes and conca-
navalin A are required to activate the monocytes
.

Human monocytes and human alveolar mac-
rophages activated by incubation with cell-free
filtered supernatants of concanavalin A-stimu-
lated mononuclear cell cultures (cytokines) in-
hibit L. preumophila multiplication (7; Nash et
al., 22nd ICAAC, abstr. no. 93). The degree of
inhibition is proportional to the concentration of
supernatant added (7; Nash et al., 22nd ICAAC,
abstr. no. 93) (Fig. 4). With monocytes, the
degree of inhibition is proportional to the length
of time the monocytes are preincubated with
supernatant (48 > 24 > 12 h), and monocytes
treated with supernatant daily after infection are
more inhibitory than monocytes treated before
infection only.

Monocytes activated with antigen-induced
mononuclear cell cytokines also inhibit L. preu-
mophila multiplication (see below).

Activated monocytes inhibit L. preumophila
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FIG. 2. L. pneumophila resists killing by polymorphonuclear leukocytes (PMN) under conditions in which
polymorphonuclear leukocytes effectively kill a serum-resistant encapsulated strain of E. coli. Polymorphonucle-
ar leukocytes (2.5 x 10°) and 5 x 10° CFU each of L. pneumophila, E. coli, or both were incubated at 37°C for 1 h
on a gyratory shaker in 0.9 ml of medium (final volume) containing 10% fresh normal human serum (NS) alone or
10% normal serum plus 8.5 agglutinating units of dialyzed rabbit anti-/L.. pneumophila antiserum (AbaL.p.) per
ml. CFU of E. coli and L. pneumophila were determined initially and at the end of the incubation. (Reproduced

from reference 5.)

multiplication in two ways. First, they phagocy-
tize approximately 50% fewer bacteria than non-
activated monocytes, thereby restricting access
of the bacteria to the intracellular milieu they
require for multiplication (7). Second, they
markedly slow the multiplication rate of those
bacteria that are internalized; the doubling time
is prolonged by greater than threefold (7).

Activated monocytes strongly inhibit L. preu-
mophila multiplication, but they do not kill L.
pneumophila any better than nonactivated
monocytes (7). As with nonactivated mono-
cytes, activated monocytes kill L. pneumophila
only in the presence of both specific antibody
and complement, and even then they kill only a
small proportion (<0.25 log) of an inoculum. In
fact, activated monocytes consistently kill fewer
bacteria than nonactivated monocytes, perhaps
because they phagocytize less avidly (7).

Thus, inhibition of L. pneumophila multiplica-
tion is accomplished by activating the mononu-
clear phagocytes and not by coating the bacteria
with specific antibody and complement. This
indicates that cell-mediated immunity could play
a major role in host defense against L. pneumo-
phila.

Do patients with Legionnaires disease in fact
develop cell-mediated immunity to L. preumo-
phila? In vitro studies indicate that they do.
Mononuclear cells from patients recovered from

Legionnaires disease respond to L. pneumophila
antigens with both proliferation (lymphoprolifer-
ation), as measured by their capacity to incorpo-
rate [*’H]thymidine, and the production of mono-
cyte-activating cytokines (2). Such cytokines
have the capacity to activate normal monocytes
such that they inhibit L. prneumaophila intracellu-
lar multiplication, and the degree of inhibition is
dose dependent (2). The response of patient
mononuclear cells to L. pneumophila antigens
as measured by both assays (lymphoprolifera-
tion and production of monocyte-activating cy-
tokines) is specific in the sense that mononucle-
ar cells from patients recovered from
Legionnaires disease respond more strongly to
L. preumophila antigens than to M. leprae anti-
gens, whereas mononuclear cells from patients
with tuberculoid leprosy respond more strongly
to M. leprae antigens than to L. pneumophila
antigens (2). Furthermore, mononuclear cells
from patients recovered from Legionnaires dis-
ease respond much more strongly to L. pneumo-
phila antigens in both assays than do mononu-
clear cells of age- and sex-matched persons with
no history or serological evidence of Legion-
naires disease (2).

Thus, cell-mediated immunity develops in pa-
tients with Legionnaires disease. The capability
of activated mononuclear phagocytes to inhibit
L. pneumophila intracellular multiplication indi-
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FIG. 3. Specific antibody fails to inhibit the multi-
plication of L. pneumophila in monocytes. L. pneumo-
phila (2.5 x 10* CFU) was incubated at 37°C for 10 min
in 33% fresh normal human serum or 33% fresh
immune human serum. The bacteria were then incu-
bated at 37°C in 5% CO0,-95% air with 5 x 10°¢
mononuclear cells (or RPMI 1640 as control) in medi-
um that contained a final concentration of 10% of the
same type of serum to which the bacteria were initially
exposed. The cultures were shaken for 1 h and incu-
bated under stationary conditions thereafter for 4
days. CFU were determined at 0, 1, 24, 48, 72, and 96
h after the monocytes were infected. Each point
represents the average for five replicate tubes +
standard error. (Reproduced from reference 6.)

cates that cell-mediated immunity plays a major
role in host defense in Legionnaires disease.
Influence of antibiotics on intracellular L.
pneumophila. Erythromycin and rifampin are
the drugs of choice for the treatment of Legion-
naires disease. Clinical experience and in vivo
studies indicate that these drugs are efficacious
in the treatment of Legionnaires disease. In vitro
studies of L. pneumophila multiplying extracel-
lularly on artificial medium show that such bac-
teria are highly susceptible to these antibiotics
(8-10); erythromycin and rifampin inhibit the
extracellular multiplication of L. pneumophila
and Kill these bacteria at relatively low concen-
trations of antibiotic (8-10). However, since L.

pneumophila is an intracellular pathogen, the
influence of antibiotics on L. pneumophila mul-
tiplying intracellularly is of interest.

Erythromycin and rifampin inhibit the intra-
cellular multiplication of L. pneumophila in hu-
man monocytes, at concentrations comparable
to those which inhibit extracellularly multiplying
bacteria (8). Multiplication of L. pneumophila in
the logarithmic phase of growth in monocytes is
inhibited within 1 h of the addition of these
antibiotics (8).

Whereas intracellular L. pneumophila are in-
hibited from multiplying by concentrations of

107
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FIG. 4. Monocytes incubated with the supernatant
of concanavalin A (ConA)-sensitized mononuclear cell
cultures inhibit L. pneumophila multiplication. Mono-
cytes in monolayer culture were incubated at 37°C in
5% C0,-95% air in 2 ml of RPMI medium containing
15% fresh normal human serum and 0 to 40% cell-free
supernatant from concanavalin A-sensitized mononu-
clear cell cultures. Control monolayers were incubated
with supernatant from a mononuclear cell culture from
which concanavalin A was omitted (Supernatant con-
trol) or with 15 wg of concanavalin A per ml (ConA
control). After 24 h, L. pneumophila (2 x 10* CFU)
was added to the cultures, and CFU in each culture
were determined daily. Each point represents the
average for three replicate petri dishes + standard
error. (Reproduced from reference 7.)
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FIG. 5. L. pneumophila that have been inhibited from multiplying in monocytes by erythromycin and
rifampin multiply after the antibiotics are removed. Mononuclear cells (5 x 10°) in 2 ml of RPMI 1640 medium
containing 15% fresh human serum were added to plastic tubes, infected with L. prnewmophila, and incubated for
48 h without antibiotic or with 1.25 pg of erythromycin per ml (A) or 0.01 pg of rifampin per ml (B). After 48 h,
the cultures were washed to remove antibiotics. Cultures that initially contained antibiotics were split into two
groups; one group was incubated without antibiotic, and the other group was incubated with the same antibiotic
as before washing. CFU of L. pneumophila in the medium were determined daily. Each point represents the

mean for three replicate cultures * standard error.

erythromycin and rifampin comparable to those
that inhibit extracellular L. pneumophila, these
bacteria exhibit markedly different susceptibil-
ities to Killing by these antibiotics. L. pneumo-
phila organisms multiplying extracellularly are
killed by concentrations of erythromycin and
rifampin that are near the minimal inhibitory
concentration; the minimal bactericidal concen-
tration is 1 pg/ml for erythromycin and 0.009
pg/ml for rifampin (8). In contrast, L. pneumo-
phila organisms multiplying intracellularly are
resistant to killing by inhibitory concentrations
of these antibiotics or by much higher concen-
trations equal to or greater than peak serum
levels in humans, levels 12 times the minimal
bactericidal concentration for erythromycin and
10* times the minimal bactericidal concentration
for rifampin (8). By electron microscopy, intra-
cellular bacteria that are inhibited from multiply-
ing by antibiotics appear intact within mem-
brane-bound vacuoles in the monocytes (8).
The inhibition of L. pneumophila multiplica-
tion in monocytes by erythromycin and rifampin
is reversible (Fig. 5). When these antibiotics are
removed from infected cultures after 2 days, L.

pneumophila resumes multiplying (8).

These findings indicate that patients with Le-
gionnaires disease under treatment with erythro-
mycin and rifampin require host defenses to
eliminate L. pneumophila. Viewed in this way,
the role of antibiotics in Legionnaires disease
may be to buy time for the patient, i.e., inhibit L.
pneumophila multiplication long enough for the
patient to develop an effective immune defense
against L. pneumophila. These findings also
suggest that patients with inadequate host de-
fenses may suffer relapse after cessation of
therapy.

Phagocytosis and formation of a novel phago-
some. L. pneumophila enters phagocytes by a
highly unusual process. Long phagocyte pseu-
dopods coil around the bacterium as the bacteri-
um is internalized (unpublished data). After
phagocytosis, L. pneumophila forms a novel
phagosome in mononuclear phagocytes that in-
volves an unusual sequence of cytoplasmic
events that take place over 4 to 8 h (3a; M. A.
Horwitz, 22nd ICAAC, abstr. no. 94).

Immediately after entry, a vacuolar mem-
brane surrounds the bacterium; cellular organ-
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elles do not appear about the vacuolar mem-
brane. By 15 min after entry, however, the
majority of vacuoles are surrounded by smooth
vesicles apparently fusing with or budding off
from the vacuolar membrane. After 1 h, the
majority of vacuoles are surrounded by mito-
chondria closely apposed to the vacuolar mem-
brane. By 4 h, fewer smooth vesicles and mito-
chondria surround the vacuole, and now
ribosomes and rough vesicles surround the ma-
jority of vacuoles. By 8 h, all vacuoles are
studded with ribosomes that are separated from
the vacuolar membrane by a gap of approxi-
mately 100 A (10 nm) (Fig. 6A). The bacteria
multiply in these ribosome-studded vacuoles,
with a doubling time of about 2 h, until hundreds
of organisms fill the vacuole (Fig. 6B); the
monocyte becomes packed full with bacteria and
ruptures.

Erythromycin, at concentrations that com-
pletely inhibit the intracellular multiplication of
L. pneumophila, has no effect on vacuole forma-
tion (3a; Horwitz, 22nd ICAAC, abstr. no. 94).

In alveolar macrophages, as in monocytes, L.
pneumophila multiplies in vitro in vacuoles stud-
ded with ribosomes (T. W. Nash, D. M. Libby,
and M. A. Horwitz, unpublished data). This

feature of the L. pneumophila vacuole is also
seen in infected alveolar macrophages in lung
biopsy specimens obtained from patients with
Legionnaires disease (1).

Formalin-killed L. pneumophila organisms
also reside in membrane-bound vacuoles after
entry into monocytes. In contrast to the situa-
tion with live bacteria, vacuoles containing For-
malin-killed L. pneumophila are not surrounded
by cytoplasmic organelles at any time after entry
(3a; Horwitz, 22nd ICAAC, abstr. no. 94). For-
malin-killed L. pneumophila organisms are rap-
idly digested, and by 4 h few remain intact (3a;
Horwitz, 22nd ICAAC, abstr. no. 94).

The L. pneumophila phagosome shares some
features with certain other intracellular patho-
gens, notably Toxoplasma gondii and Chlamyd-
ia spp. (3a). These pathogens also share with L.
pneumophila the capacity to inhibit phagosome-
lysosome fusion (see below). This suggests that
these organisms may share a common mecha-
nism for phagosome formation and inhibition of
phagosome-lysosome fusion.

Inhibition of phagosome-lysosome fusion.
Some intracellular parasites, such as T. gondii,
M. tuberculosis, and Chlamydia psittaci, inhibit
fusion of phagosomes with lysosomes. Others,

FIG. 6. Electron micrographs of human monocytes infected with L. pneumophila. (A) Six membrane-bound
vacuoles, each containing a single L. pneumophila bacterium, are located in this portion of the monocyte
cytoplasm. The vacuoles are studded with monocyte ribosomes (arrows) (%27,000). (B) Later in the course of
infection, this monocyte contains a single large membrane-bound vacuole enclosing many L. pneumophila cells.
Several bacteria appear to be in the process of dividing by binary fission. Although not apparent at this
magnification, this vacuole is seen studded with ribosomes at higher magnification (x4,500).



such as Leishmania spp., do not inhibit fusion
and are apparently able to survive and multiply
within the normally inhospitable milieu of the
phagolysosome. The interactions between the L.
pneumophila phagosome and monocyte lyso-
somes have been investigated in vitro by prela-
beling the lysosomes with thorium dioxide, an
electron-opaque colloidal marker, and by acid
phosphatase cytochemistry (Horwitz, 22nd
ICAAC, abstr. no. 94; M. A. Horwitz, J. Exp.
Med., in press).

Studies with thorium dioxide have revealed
that phagosomes containing live L. pneumophila
do not fuse with secondary lysosomes at 1 h
after entry into monocytes, or at 4 or 8 h after
entry, by which time the ribosome-studded vac-
uole has formed (Horwitz, 22nd ICAAC, abstr.
no. 94; Horwitz, in press). In contrast, the
majority of vacuoles containing Formalin-killed
L. pneumophila organisms do fuse with second-
ary lysosomes. In the same experiments, vacu-
oles containing live E. coli and live Streptococ-
cus pneumoniae also fuse with secondary
lysosomes (Horwitz, in press).

Erythromycin, a potent inhibitor of bacterial
protein synthesis, has no influence on fusion at
concentrations which completely inhibit intra-
cellular multiplication of L. pneumophila. How-
ever, coating the bacteria with antibody and
complement or activating the monocytes pro-
motes a modest degree of fusion of live L.
pneumophila (Horwitz, in press).

Acid phosphatase cytochemistry has revealed
that live L. pneumophila bacteria also do not
fuse with primary lysosomes. In contrast to
phagosomes containing live bacteria, the major-
ity of phagosomes containing Formalin-killed L.
pneumophila do fuse with lysosomes by acid
phosphatase cytochemistry (Horwitz, in press).

Thus L. pneumophila inhibits phagosome-ly-
sosome fusion. This capacity may be important
to its survival in mononuclear phagocytes.

Conclusions. Humans are probably an inciden-
tal host for L. pneumophila, which likely ac-
quired its capacity to multiply intracellularly in
simpler beings such as amoebae or other proto-
zoa. Like L. pneumophila, these unicellular
organisms are ubiquitous in aquatic environ-
ments. L. pneumophila may utilize similar
mechanisms to survive intracellularly in such
disparate cells as amoebae and mononuclear
phagocytes. These mechanisms remain to be
elucidated, but the capacity of L. pneumophila
to inhibit phagosome-lysosome fusion may be
important.

Cell-mediated immunity appears to play a
major role in host defense against L. pneumophi-
la. Patients with Legionnaires disease develop
cell-mediated immunity to L. pneumophila: their
mononuclear cells respond to L. preumophila
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antigens with proliferation and with the genera-
tion of monocyte-activating cytokines. Mononu-
clear phagocytes activated by such cytokines
inhibit the intracellular multiplication of L.
pneumophila. Humoral immunity appears to
play a modest role in host defense against L.
pneumophila. Antibody does not alter the resist-
ance of virulent L. preumophila to complement
lysis, nor does it influence the rate of intracellu-
lar multiplication of L. prneumophila in mono-
cytes. Antibody and complement markedly pro-
mote phagocytosis of L. pneumophila by
monocytes and polymorphonuclear leukocytes,
but these phagocytes are able to kill only a
limited proportion of an inoculum of antibody-
and complement-coated bacteria.

Erythromycin and rifampin inhibit the intra-
cellular multiplication of L. pneumophila, but
these antibiotics do not Kill intracellular bacteria
even at very high concentrations. The inhibition
of intracellular multiplication is reversible.
When the antibiotics are removed, the bacteria
resume multiplying in monocytes. This suggests
that the role of antibiotics in Legionnaires dis-
ease may be to suppress multiplication of L.
pneumophila long enough for the host to devel-
op an effective immune defense against the
bacterium.

L. pneumophila is phagocytized by an unusual
process and then forms a novel phagosome in
mononuclear phagocytes that is studded with
ribosomes. Formation of this phagosome entails
a remarkable sequence of cytoplasmic events
that involves smooth vesicles, mitochondria,
and ribosomes. How L. preumophila orches-
trates this sequence of cytoplasmic events and
the role of the ribosome-studded vacuole in
intracellular survival remain to be determined.
Phagosomes of certain other intracellular patho-
gens have features in common with the L. pneu-
mophila phagosome, and these pathogens also
share with L. pneumophila the capacity to inhib-
it phagosome-lysosome fusion. This suggests
that a common mechanism may underlie the
capacity of these organisms to form a special-
ized phagosome and their capacity to inhibit
phagosome-lysosome fusion.

I am supported by the John A. Hartford Foundation, The
American Cancer Society, and National Institutes of Health
grants Al 17254 and CA 30198.
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