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Abstract

Wehave examined the capacity of Legionella pneumophila
membranes to induce cell-mediated immune responses and pro-
tective immunity in a guinea pig model of Legionnaires' dis-
ease. Guinea pigs immunized by aerosol with L. pneumophila
membranes developed strong cell-mediated immune responses
to L. pneumophila membranes as demonstrated by cutaneous
delayed-type hypersensitivity and in vitro splenic lymphocyte
proliferation. Guinea pigs immunized by aerosol or by subcuta-
neous inoculation with L. pneumophila membranes developed
strong protective immunity against lethal aerosol challenge
with L. pneumophila. Overall, in six independent experiments,
39 of 49 (80%) guinea pigs immunized with L. pneumophila
membranes survived challenge compared with 2 of 40 (5%)
sham-immunized controls (P = 2 x 10-'3). In contrast, guinea
pigs immunized by aerosol with formalin-killed L. pneumo-
phila did not develop either a strong cell-mediated immune re-
sponse to L. pneumophila antigens or protective immunity to
lethal aerosol challenge.

The capacity of L. pneumophila membranes to induce pro-
tective immunity was independent of the major secretory pro-
tein of L. pneumophila, which we previously demonstrated is an
immunoprotective molecule. Purified L. pneumophila mem-
branes did not contain detectable major secretory protein
(MSP) on immunoblots; immunization of guinea pigs with L.
pneumophila membranes did not induce anti-MSP antibody;
and guinea pigs developed comparable protective immunity
after immunization with membranes from either an L. pneumo-
phila strain that secretes the major secretory protein or an iso-
genic mutant that does not.

This study demonstrates that (a) immunization with L.
pneumophila membranes but not formalin-killed L. pneumo-
phila induces strong cell-mediated immune responses and pro-
tective immunity, (b) L. pneumophila membranes contain im-
munoprotective molecules distinct from the major secretory
protein of L. pneumophila, and (c) L. pneumophila membranes
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have potential as a vaccine against Legionnaires' disease. (J.
Clin. Invest. 1991. 87:1054-1059.). Key words: L. pneumo-
phila - membrane * vaccine * protective immunity * Legion-
naires' disease * cell-mediated immunity

Introduction

Legionella pneumophila is a facultative intracellular bacterial
pathogen that causes 80-85% of the cases of Legionnaires' dis-
ease, a serious and often fatal form of pneumonia (1, 2). Pa-
tients with Legionnaires' disease develop both humoral and
cell-mediated immune responses to L. pneumophila (3-5).
Cell-mediated immunity appears to play a vital role in host
defense. Activated human monocytes and alveolar macro-
phages inhibit the intracellular multiplication of L. pneumo-
phila (5-9). Humoral immunity appears to play a lesser role in
host defense (3, 4).

The guinea pig is an excellent animal model for the study of
Legionnaires' disease. Whenexposed to aerosols containing L.
pneumophila, guinea pigs develop a pneumonic illness that is
clinically and pathologically similar to Legionnaires' disease in
humans (10-14).

Previous studies from this laboratory have demonstrated
that guinea pigs immunized with a sublethal aerosolized dose
of wild-type L. pneumophila, or with an aerosolized dose of an
avirulent mutant L. pneumophila develop humoral and cell-
mediated immune responses to wild-type L. pneumophila anti-
gens, and protective immunity against lethal aerosol challenge
with wild-type L. pneumophila (15, 16). To identify immuno-
protective antigens of L. pneumophila, we have focused our
attention on native antigens recognized by the lymphocytes of
such immune guinea pigs. Previous studies have identified two
such antigenic preparations: the major secretory protein
(MSP)1 of L. pneumophila and L. pneumophila membranes
(16, 17).

A previous study from this laboratory explored the capacity
of MSPto induce immune responses in the guinea pig. This
study demonstrated that MSPis an immunoprotective mole-
cule (17). This study showed that guinea pigs immunized subcu-
taneously with MSPdevelop humoral and cell-mediated im-
mune responses to MSP, and protective immunity against
lethal aerosol challenge with L. pneumophila.

Although MSPis an immunoprotective molecule, it is not a
virulence determinant in the guinea pig model of Legionnaires'
disease (18). Wehave shown that an isogenic MSP-negative
strain of L. pneumophila is as virulent for guinea pigs as the
parental MSP-positive strain (18). Moreover, we have shown

1. Abbreviations used in this paper: CYEA, charcoal yeast extract agar;
EYB, egg yolk buffer; FKLP, formalin-killed wild-type Legionella
pneumophila; MSP, major secretory protein; SI, stimulation index.
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that naturally occurring species of Legionella that do not pro-
duce MSPare nevertheless virulent (19). That guinea pigs im-
munized with a sublethal dose of such species develop protec-
tive immunity against the vaccine strain has suggested the exis-
tence of other immunoprotective molecules of Legionella (19).

In the present study, we have examined the capacity of L.
pneumophila membranes to induce immune responses in the
guinea pig. First, we shall demonstrate that immunization of
guinea pigs with L. pneumophila membranes induces strong
cell-mediated immune responses to L. pneumophila mem-
brane antigens and protective immunity against lethal aerosol
challenge with L. pneumophila. Secondly, we shall demon-
strate that L. pneumophila membranes induce protective im-
munity independent of MSP, since (a) the membranes do not
contain MSP, (b) immunization of guinea pigs with mem-
branes does not induce an immune response against MSP, and
(c) immunization of guinea pigs with membranes of MSP-
negative L. pneumophila induces protective immunity compa-
rable to that of immunization with membranes of MSP-posi-
tive L. pneumophila. Finally, we shall show that immunization
of guinea pigs with formalin-killed L. pneumophila, in contrast
to L. pneumophila membranes, does not induce strong cell-
mediated immune responses or protective immunity against
lethal aerosol challenge with L. pneumophila. This study dem-
onstrates that L. pneumophila membranes contain immuno-
protective molecules distinct from MSPand that these mem-
branes have potential as a vaccine against Legionnaires' dis-
ease.

Methods

Media. Each liter of albumin yeast extract broth was prepared with 10 g
of Aces (Sigma Chemical Co., St. Louis, MO), 5 g of bovine serum
albumin fraction V (Sigma Chemical Co.), 10 g of yeast extract (Difco
Laboratories, Detroit, MI), 0.4 g of L-cysteine HCI (Fisher Scientific
Co., Fairlawn, NJ), and 0.25 g of ferric pyrophosphate (Sigma Chemi-
cal Co.) adjusted to pH 6.9 with 10 N KOH, and filter-sterilized.

RPMI 1640 with L-glutamine (Gibco Laboratories, Grand Island,
NY) was mixed with penicillin (100 U/ml) and streptomycin (100 yg/
ml) (Gibco Laboratories). Egg yolk buffer (EYB) with or without 1%
bovine serum albumin (BSA, Miles Laboratories Inc., Naperville, IL)
was prepared as previously described (1).

Agar. Modified charcoal yeast extract agar (CYEA) was prepared as
described (1). Modified CYEAwithout cysteine and tryptic soy agar
with 5%sheep blood were used to assay for contaminating bacteria.

Bacteria. L. pneumophila, Philadelphia 1 strain (serogroup 1), was
grown in embryonated hens' eggs, harvested, tested for viability, tested
for the presence of contaminating bacteria, passed one time only on
CYEA, washed with EYB; flash frozen in aliquots of 10" colony-form-
ing units (CFU)/ml, and stored at -70°C (1). Before use in the aerosol
inoculation system, a stock preparation of bacteria was diluted in EYB
to the desired concentration.

An isogenic pair of L. pneumophila, Philadelphia 1 strain, one of
which is MSP-positive (MSP+) (LS2029) and one of which is MSP-
negative (MSP-) (LS2102) (18), and an avirulent mutant L. pneumo-
phila, Philadelphia I strain (16), were grown on CYEA, washed with
EYB, flash frozen in aliquots of 10" CFU/ml, stored at -70°C, and
tested for the presence of contaminating bacteria as previously de-
scribed (1). The MSP- strain was constructed by Howard Shumanand
Lisa Szeto (Columbia University) by inserting transposon Tn9 in the
structural gene for MSP, mspA, in an Escherichia coli host strain and
subsequently transferring the insertion to the genome of the parental
MSP+strain (LS2029), as previously described (18).

Membranes. Membranes were prepared from wild-type L. pneumo-
phila, MSP- L. pneumophila, and MSP+ L. pneumophila as

previously described with the following modifications (20). Briefly, bac-
teria were grown in AYEbroth to an optical density (OD) of 1.0 at 540
nm, harvested by centrifugation at 1 1,000 g for 10 min at 4°C, washed
in 50 mMTris, pH 7.5, and then resuspended in 9.5 ml of 0.2 MTris,
0.5 Msucrose, pH 8.0. The bacteria were first incubated with 100IO of
0.1 MEDTA, pH 8.0, subsequently incubated with lysozyme (Sigma
Chemical Co.) to a final concentration of 0.1 mg/ml, and then diluted
in 10 ml of double-distilled water. After 20 min, the suspension was
centrifuged at 5,000 gfor 10 min at 4°C. The pellet was resuspended in
400 Ml of 50 mMTris, 20 mMMgSO4, pH 7.4, added to 100 ml of 5
mMEDTA, pH 8.0, and stirred on ice for 20 min. Then 5 ml of I M
Tris, pH 7.4, 2 ml of I MMgSO4, and 200 Ml of I mg/ml DNase I
(Sigma Chemical Co.) were added. After 10 min on ice and 10 min at
room temperature, the suspension was centrifuged at 5,000 g for 5 min
at 4°C, and the pellet discarded. The bacterial membranes in the sus-
pension were collected by centrifugation at 178,000 g for 110 min at
4°C and enumerated in a Petroff-Hausser chamber.

Formalin-killed L. pneumophila. Formalin-killed wild-type L.
pneumophila (FKLP) was prepared as previously described (5).

Animals. Male Hartley strain guinea pigs weighing 250-300 g (Si-
monson Laboratories, Gilroy, CA), were cared for as previously de-
scribed (16). They were observed in the vivarium for 1 wk before chal-
lenge with L. pneumophila to ensure that they were healthy. No ill-
nesses or deaths occurred in the guinea pigs before challenge.

Immunization ofguinea pigs by aerosol. Guinea pigs were immu-
nized by exposure to aerosols containing bacteria or membranes in the
same lucite aerosol chamber described in detail in a previous study
(15). Guinea pigs were immunized with an aerosol generated from a
l0-ml suspension containing one of the following: 2.5 x I09 wild-type
L. pneumophila membranes/ml, 5.0 x I09 FKLP/ml, 5.0 x 10' aviru-
lent mutant L. pneumophila/ml, or EYB(sham-immunized controls).
Animals were immunized four times at 3-wk intervals with L. pneumo-
phila membranes; two or four times at 3-wk intervals with FKLP; and
one time with the avirulent mutant L. pneumophila.

Immunization of guinea pigs by subcutaneous inoculation. Wild-
type, MSP-, and MSP+L. pneumophila membranes were diluted in
EYBto a concentration of 5 x 10 membranes/ml. The injection sites
of the guinea pigs were washed with 70%ethanol, and the animals were
then injected subcutaneously with 200 MA (10' membranes) of one of
the membrane preparations. Each animal was immunized twice at a
3-wk interval. Control guinea pigs were sham-immunized twice with
200 M1 of EYB.

Cutaneous delayed-type hypersensitivity. Immunized or control
(sham-immunized) guinea pigs were shaved over the back and flank
and injected intradermally with 100 MI of the immunizing antigen
(wild-type L. pneumophila membranes or FKLP at a concentration of
10' particles/ml), and with 100 MI of the diluting buffer (EYB). The
diameters of erythema and induration were measured at skin test sites
24 h after injection.

Lymphocyte proliferation assay. Splenic mononuclear cells from
immunized or control (sham-immunized) guinea pigs were obtained
and purified, incubated with antigen (wild-type L. pneumophila or
FKLP), or control medium in triplicate microtest wells for 2 d,
and then tested for their capacity to incorporate 3[H]thymidine as de-
scribed ( 15).

Protective immunity. Guinea pigs were challenged 3 wk after immu-
nization with a 100% lethal dose of wild-type L. pneumophila. This
dose, which was generated from a 10-ml suspension of wild-type L.
pneumophila containing 2.5 x 10' CFU/ml, was the lowest dose that
consistently resulted in the death of nonimmunized guinea pigs, as
previously described (15). After challenge, animals were held in filter-
top cages for I wk. During this time they were observed for signs of
illness, and survival was quantitated. Differences in survival between
immunized and control animals were evaluated by the Fisher's Exact
Test, two-tailed.

Immunoblot analysis of L. pneumophila membranes for MSP.
Wild-type L. pneumophila membranes were examined for the presence
of MSPby immunoblot analysis (21, 22), using the alkaline phospha-
tase technique for immunostaining (23). Briefly, 1.0, 0. 1, and 0.01 Mg
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of MSP, and - 108 particles of wild-type L. pneumophila membranes
were subjected to SDS-PAGE and transferred to nitrocellulose
(Schleicher & Schuell Inc., Keene, NH). The nitrocellulose bound
membrane proteins were incubated first with a 1:200 dilution of the
sera obtained from guinea pigs immunized with 40 ,ug of MSPtwice, 3
wk apart, as previously described (reciprocal titer > 2,056 by ELISA)
(17) and then incubated with a 1:1,000 dilution of alkaline phospha-
tase-conjugated goat anti-guinea pig IgG (whole molecule) (Sigma
Chemical Co.). The enzyme substrate solution used for visualization
consisted of 500 Al of 0.1% nitroblue tetrazolium (Sigma Chemical
Co.), 100 MA of 0.5% 5-bromo-4-chloro-indolyl phosphate (Sigma
Chemical Co.) in anhydrous dimethyl formamide (Pierce Chemical
Co., Rockford, IL), and 9.5 ml of 0.05 MTris, 0.03 MMgCl2, pH 10.

Analysis of capacity of L. pneumophila membranes to induce anti-
MSPantibody. Wild-type L. pneumophila membranes were further
examined for the presence of MSPby analyzing their capacity to in-
duce anti-MSP antibody. Guinea pigs were immunized subcutane-
ously with wild-type membranes twice at a 3-wk interval. Their sera
were collected 3 wk later and assayed for the presence of anti-MSP
antibody by immunoblot analysis. Briefly, 1.0, 0.1, and 0.01 Mgof MSP
and 10' membranes were subjected to sodium dodecyl sulfate-poly-
acrylamide gel electrophoresis (SDS-PAGE), transferred to nitrocellu-
lose, incubated first with a 1:200 dilution of the sera obtained from the
membrane-immunized guinea pigs, and then incubated with a 1:1,000
dilution of alkaline phosphatase-conjugated goat anti-guinea pig IgG
(whole molecule). The enzyme substrate solution described above was
used for visualization.

Results

Guinea pigs immunized with L. pneumophila membranes but
not sham-immunized controls develop marked cutaneous de-
layed-type hypersensitivity to L. pneumophila membrane anti-
gens. To determine whether guinea pigs immunized by aerosol
with L. pneumophila membranes develop cutaneous delayed-
type hypersensitivity to L. pneumophila membrane antigens,
we injected immunized and control guinea pigs intradermally
with 10' wild-type L. pneumophila membranes 3 wk after im-
munization, and measured the extent of erythema and indura-
tion at skin test sites 24 h later.

Membrane-immunized guinea pigs exhibited greater areas
of erythema and induration at skin test sites than control
guinea pigs (Table I, expt. A). The membrane-immunized ani-
mals had a mean diameter of erythema 3.0 times and mean
diameter of induration 4.1 times that of control animals. These
differences achieved significance for erythema (P < 0.05, t test,
two-tailed), and nearly achieved significance for induration (P
< 0.1, t test, two-tailed).

Guinea pigs immunized with FKLPdo not develop cutane-
ous delayed-type hypersensitivity to FKLP antigens. To deter-
mine whether guinea pigs immunized by aerosol with FKLP
develop cutaneous delayed-type hypersensitivity to FKLPanti-
gens, we skin-tested FKLP-immunized and control guinea pigs
3 wk after immunization.

In contrast to membrane-immunized guinea pigs, FKLP-
immunized guinea pigs did not exhibit greater areas of ery-
thema and induration than controls at skin test sites (Table I,
expt. B). The FKLP-immunized animals had a slightly less
mean diameter of erythema (0.8 times) than controls and a
similar mean diameter of induration (1.0 times).

Guinea pigs immunized with L. pneumophila membranes
exhibit marked in vitro splenic lymphocyte proliferation in re-
sponse to L. pneumophila membrane antigens. To determine
whether splenic lymphocytes from guinea pigs immunized by
aerosol with L. pneumophila membranes proliferate in vitro in

Table I. Guinea Pigs Immunized with L. pneumophila
Membranes but Not FKLPDevelop Cutaneous Delayed-type
Hypersensitivity to L. pneumophila Membrane Antigens

Extent of erythema
and induration at

Status of Number of Skin 24 h in response
Expt. guinea pigs guinea pigs reaction to indicated antigen

mm

Membranes

A Immunized 5 Erythema 9.0±1.7
(membranes) Induration 2.9±0.8

Controls 5 Erythema 3.0±1.5
Induration 0.7±0.7
II* Erythema 3.0
II* Induration 4.1

FKLP

B Immunized 5 Erythema 9.5±0.5
(FKLP) Induration 3.8±0.2

Controls 5 Erythema 12.3±1.2
Induration 3.7±0.9
II* Erythema 0.8
II* Induration 1.0

Guinea pigs were immunized with L. pneumophila membranes (expt.
A) or FKLP (expt. B) or sham-immunized (controls) by aerosol four
times, at 3-wk intervals. The animals were skin tested 3-4 wk later
with an intradermal injection of 107 L. pneumophila membranes or
FKLP, and the extent of erythema and induration was measured 24
h later. Data are the mean±SEMdiameter of erythema and indura-
tion for each group of animals. Neither immunized nor control ani-
mals developed erythema or induration in response to the phosphate
buffer in which the antigens were diluted.
* II, inflammation index = [mean skin reactivity (mm) of immunized
guinea pigs]/[mean skin reactivity (mm) of control guinea pigs].

response to L. pneumophila membrane antigens, we examined
proliferative responses of lymphocytes from immunized and
control guinea pigs 3 wk after immunization.

Membrane-immunized guinea pigs exhibited significantly
greater splenic lymphocyte proliferation in response to L.
pneumophila membranes than control guinea pigs (Table II,
expt. A). Splenic lymphocytes from membrane-immunized
animals had a mean stimulation index (SI) of 50.3±3.7 in re-
sponse to L. pneumophila membranes whereas lymphocytes
from control animals had a mean SI of 9.0±5.3 (P < 0.01, t test,
two-tailed). Membrane-immunized guinea pigs also exhibited
greater splenic lymphocyte proliferation in response to FKLP
(SI = 71.7±14.5) than controls (SI = 32.6±21.6) but the differ-
ence was not statistically significant.

FKLP-immunized animals also exhibited greater splenic
lymphocyte proliferation than control animals in response to
L. pneumophila membranes or FKLP, but the differences were
not statistically significant for either antigen (Table II, expt. B).

Guinea pigs immunized with L. pneumophila membranes
by aerosol or subcutaneous inoculation develop protective im-
munity against lethal aerosol challenge. To determine if guinea
pigs immunized with L. pneumophila membranes develop pro-
tective immunity, we challenged membrane-immunized ani-
mals and sham-immunized control animals with a lethal aero-
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Table I. Guinea Pigs Immunized with Wild-type L. pneumophila
Membranes Exhibit Marked Splenic Lymphocyte Proliferation
in Response to L. pneumophila Membrane Antigens

SI in response
to indicated antigen

Status of Number of
Expt. guinea pigs guinea pigs Membranes FKLP

A Immunized 2 50.3±3.7 71.7±14.5
(Membranes)

Controls 2 9.0±5.3 32.6±21.6
Pt <0.01 <0.4

B Immunized 2 12.9±2.9 18.0±3.6
(FKLP)

Controls 2 6.6±0.7 6.6±1.5
Pt <0.2 <0. 1

Guinea pigs were sham-immunized or immunized with wild-type L.
pneumophila membranes (expt. A) or FKLP by aerosol four times,
at 3-wk intervals. 3-4 wk later, the guinea pigs were killed, and splenic
lymphocytes were assayed for their capacity to proliferate in response
to wild-type L. pneumophila membranes and FKLP at the concen-
tration indicated. Data are the mean±SEMof the SI for each group
of animals. * SI = (mean [3H]thymidine incorporation [cpm] of
lymphocytes incubated with antigen)/(mean [3H]thymidine incorpo-
ration [cpm] of lymphocytes incubated without antigen). t P value
for difference between SI of immunized and control guinea pigs by
t test, two-tailed.

sol dose of wild-type L. pneumophila and quantitated survival
(Table III). In two independent experiments, guinea pigs immu-
nized by aerosol with L. pneumophila membranes demon-
strated significantly greater survival than control animals (Ta-
ble III, expts. A and B). Overall, 11 of 12 (92%) animals immu-
nized with membranes by aerosol survived, compared to 1 of

12 (8%) control animals (P = 5 x 10-', Fisher's Exact Text,
two-tailed). In three independent experiments, guinea pigs im-
munized by subcutaneous inoculation with L. pneumophila
membranes demonstrated significantly greater survival than
control animals (Table III, expts. C, D, and E). Overall, 11 of
14 (79%) animals immunized with membranes subcutaneously
survived, compared to 1 of 16 (6%) control animals (P = 9
x l0o-, Fisher's Exact Text, two-tailed).

Immunized animals first exhibited signs of illness including
decreased activity, decreased feeding, and respiratory distress,
1 d after challenge, but they then recovered. Sham-immunized
(control) animals first exhibited these signs of illness 2 d after
challenge, but they did not recover. All animals surviving by 7
d after challenge recovered fully from earlier signs of disease.

The capacity of L. pneumophila membranes to induce pro-
tective immunity is independent of MSP. As noted in the intro-
duction, L. pneumophila MSPis a potent protective immuno-
gen. To examine the possibility that MSPassociated with L.
pneumophila membranes was responsible for the immunopro-
tective capacity of the membranes, we examined L. pneumo-
phila membranes for MSP(Fig. 1).

Wefirst prepared immunoblots of L. pneumophila mem-
branes and probed the blots for the presence of MSPusing
high-titer anti-MSP antiserum. Whereas anti-MSP antiserum
detected as little as 0.01 ,ug MSPin control lanes of the immu-
noblots (readily visualized on the original of Fig. 1, left, lane C),
this antiserum detected no MSPin any preparation of L. pneu-
mophila membranes (Fig. 1, left, lane D).

Wealso investigated whether immunization of guinea pigs
with L. pneumophila membranes induced anti-MSP antibody.
Weimmunized guinea pigs with L. pneumophila membranes,
collected their sera, and assayed the sera for anti-MSP antibody
by immunoblot analysis. Whereas antisera readily reacted with
L. pneumophila membranes in the control lane of immuno-
blots (Fig. 1, right, lane D), the antisera did not react with even

Table III. Guinea Pigs Immunized with L. pneumophila Membranes Develop Protective Immunity
against Lethal Aerosol Challenge with Wild-type L. pneumophila

Number Number of guinea pigs surviving Percent
Expt. Status of guinea pigs of expts. per number challenged survival P*

A, B Immunized 2 11/12 92 5 x 1o-,
(membranes by aerosol)

Controls 1/12 8

C, D, E Immunized 3 11/14 79 9 x 10-'
(membranes SQ)

Controls 1/16 6

F, G Immunized 2 8/11 73 3 x 10-4
(MSP- membranes SQ)

Immunized 9/12 75 3 x 10-4
(MSP+ membranes SQ)

Controls 0/12 0

Total Immunized 7 39/49 80 2 x 10-13
(membranes)

Controls 2/40 5

In seven independent experiments (A-G), guinea pigs were immunized by aerosol with L. pneumophila membranes (A, B), immunized subcu-
taneously (SQ) with L. pneumophila membranes (C, D, E), immunized subcutaneously with MSP- or MSP+L. pneumophila membranes (F,
G), or sham-immunized (controls). 3 wk after immunization, the animals were challenged with a lethal aerosol dose of wild-type L. pneumophila,
and survival was quantitated. Data for experiments of each type are combined. * P value for difference in survival between immunized and
control guinea pigs by Fisher's Exact Test, two-tailed.
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Figure 1. L. pneumophila membranes do not contain MSPor induce
antibody to MSPin guinea pigs. MSPand wild-type L. pneumophila
membranes were subjected to SDS-PAGE, blotted to nitrocellulose,
and probed with either guinea pig anti-MSP antiserum (left) or guinea
pig anti-L. pneumophila membrane antiserum (right). (A) 1.0 sg of
MSP; (B) 0.1 ,ug of MSP; (C) 0.01 ,ug of MSP; (D) 0I wild-type L.
pneumophila membranes. Molecular mass standards are in
kilodaltons.

as much as 1 ug of MSP(Fig. 1, right, lane A). These studies
demonstrated that L. pneumophila membranes do not con-

tain MSP.
To confirm that the capacity of L. pneumophila mem-

branes to induce protective immunity is independent of MSP,
we immunized guinea pigs with membranes prepared from an

MSP- strain of L. pneumophila and examined if the animals
developed protective immunity. We immunized guinea pigs
with MSP- L. pneumophila membranes or with MSP+L.
pneumophila membranes (positive control), and challenged
these animals and sham-immunized control animals with a

lethal aerosol dose of wild-type L. pneumophila. In two inde-
pendent experiments, guinea pigs immunized subcutaneously
with MSP- L. pneumophila membranes demonstrated signifi-
cantly greater survival than controls (Table III, expts. F and G).
Overall, 8 of 11 (73%) animals immunized with MSP- L.
pneumophila membranes survived lethal aerosol challenge
compared to 0 of 12 (0%) sham-immunized control animals (P
= 3 x 10-4, Fisher's Exact Test, two-tailed). As in the case of
guinea pigs immunized with wild-type L. pneumophila mem-

branes, guinea pigs immunized with MSP+L. pneumophila
membranes exhibited significantly greater survival than con-

trols to lethal aerosol challenge (Table III, expts. F and G).
Overall, 9 of 12 (75%) animals immunized with MSP+L.
pneumophila membranes survived challenge (P = 3 x 10-4
compared to controls, Fisher's Exact Test, two-tailed).

Guinea pigs immunized with FKLPdo not develop protec-
tive immunity against lethal aerosol challenge. To determine if
guinea pigs immunized with FKLP develop protective immu-
nity, we immunized guinea pigs with FKLP or with an aviru-
lent mutant L. pneumophila (positive control) by aerosol, and
challenged these animals and sham-immunized control ani-
mals with a lethal aerosol dose of wild-type L. pneumophila
(Table IV). In two independent experiments, guinea pigs immu-
nized with FKLP exhibited no protective immunity. None
(0%) of the 11 FKLP-immunized animals and none (0%) of the
12 sham-immunized control animals survived lethal aerosol
challenge (P = 1.0, Fisher's Exact Test, two-tailed). In contrast,
8 of 11 (73%) animals immunized with the avirulent mutant L.

Table IV. Guinea Pigs Immunized with FKLP Do Not Develop
Protective Immunity against Lethal Aerosol Challenge
with Wild-Type L. pneumophila

Number of
guinea pigs

surviving
Status of Number per number Percent

guinea pigs of expts. challenged survival P*

Immunized
(FKLP) 2 0/11 0 1.0

Immunized
(mutant
L. pneumophila) 2 8/11 73 3 x 10-4

Controls 2 0/12 0

In two independent experiments, guinea pigs were immunized with
FKLP or sham-immunized (controls) by aerosol four times in the
first experiment or twice in the second experiment, at 3-wk intervals.
As a positive control, an additional group of guinea pigs was immu-
nized with an avirulent mutant L. pneumophila by aerosol once in
each experiment. 3 wk later, the animals were challenged with a
lethal aerosol dose of wild-type L. pneumophila, and survival was
quantitated. Data for the two experiments are combined.
* P value for difference in survival between immunized and control
guinea pigs by Fisher's Exact Test, two-tailed.

pneumophila survived challenge (P = 3 x 10-4 compared to
sham-immunized controls, Fisher's Exact Test, two-tailed).

Discussion

This paper demonstrates that immunization of guinea pigs
with L. pneumophila membranes induces cell-mediated and
protective immunity in the guinea pig model of Legionnaires'
disease. Immunization with membranes either by aerosol or
subcutaneous inoculation induces protective immunity.

The capacity of L. pneumophila to induce protective immu-
nity is independent of MSP, which was previously shown to be
a potent protective immunogen (17). Several pieces of evidence
support this conclusion. First, L. pneumophila membranes do
not contain detectable MSP; by immunoblot analysis, 10"
membranes (an immunizing dose) contained < 0.01 ug of
MSP, the lowest amount assayed. Even this amount of MSP
would be two orders of magnitude less than that required to
induce protective immunity in the guinea pig model of Legion-
naires' disease. In a previous study, two immunizations with
; 2.5 Mgof MSPwere required to induce protective immunity
against lethal aerosol challenge, while two immunizations with
0.6 Mgof MSPdid not induce significant protective immunity.
Thus, any undetected MSPassociated with membranes would
be present in an amount below the threshold required to in-
duce protective immunity. Secondly, subcutaneous immuniza-
tion of guinea pigs with L. pneumophila membranes does not
induce anti-MSP antibody, which is induced by subcutaneous
immunization with MSP. Thus, if L. pneumophila membranes
contained any MSP, it was in an amount insufficient to induce
a humoral immune response. Third, immunization of guinea
pigs with membranes derived from an isogenic MSP- strain of
L. pneumophila induces strong protective immunity against
lethal aerosol challenge. These results indicate that other anti-
gens in L. pneumophila membranes are capable of inducing
protective immunity.
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L. pneumophila membranes induce cell-mediated and pro-
tective immunity in the absence of an exogenous adjuvant.
This suggests that L. pneumophila membranes have intrinsic
adjuvanticity. This is consistent with a previous finding that
killed L. pneumophila had adjuvant activity comparable to
that of killed mycobacteria in promoting humoral immune
responses (24). Our study also suggests that L. pneumophila
membranes have adjuvant activity for cell-mediated as well as
humoral immune responses.

In contrast to L. pneumophila membranes, FKLP did not
induce a strong cell-mediated immune response or induce pro-
tective immunity. This suggests that formalin treatment of L.
pneumophila modifies its antigenicity in some critical way. Sev-
eral vaccines against other pathogens are composed of forma-
lin-treated organisms. Our study suggests that such treatment
would not be advantageous against L. pneumophila and per-
haps other organisms where cell-mediated immune responses
are important.

In previous studies, we have shown that two other vaccine
preparations induce protective immunity against lethal aerosol
challenge with L. pneumophila: an avirulent mutant L. pneu-
mophila and MSP(16, 17). L. pneumophila membranes theo-
retically possess some advantages over each of these vaccine
preparations. First, L. pneumophila membranes, in contrast to
the avirulent mutant, are not live; a nonlive vaccine may have
greater acceptability to some potential vaccine recipients. Sec-
ondly, in contrast to MSP, which is not ubiquitous among all
species of Legionella (25), membranes are a component of all
Legionella. If L. pneumophila membranes induce cross-protec-
tive immunity against other species of Legionella, or if mem-
branes of other Legionella species also induce protective immu-
nity against the homologous species, then theoretically a mem-
brane vaccine could be formulated that may protect against all
species of Legionella that cause Legionnaires' disease.
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