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Abstract. Legionella (L.) pneumophila, the causative
agent of Legionnaires’ disease, is an intracellular
pathogen of alveolar macrophages that resides in a com-
partment displaying features of endoplasmatic reticulum
(ER). In this study, we show that intracellular multiplica-
tion of L. pneumophila results in a remarkable decrease in
MHC class I expression by the infected monocytes. Dur-
ing intracellular multiplication, L. pneumophila absorbs
ER-resident chaperons such as calnexin and BiP, mole-

cules that are required for the correct formation of the
MHC class I complex. Due to reduced MHC class I ex-
pression, stimulation of allogeneic blood mononuclear
cells was severely inhibited by infected host cells but
cytotoxicity of autologous natural killer cells against
Legionella-infected monocytes was not enhanced. Thus,
reduced expression of MHC class I in infected monocytes
may resemble a new immune escape mechanism induced
by L. pneumophila.
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Legionella (L.) pneumophila, the causative agent of Le-
gionnaires’ disease, is an intracellular pathogen of alveo-
lar macrophages. Pneumonia primarily occurs in im-
munocompromised hosts suffering from malignancies
associated with monocyte dysfunction as well as in pa-
tients who receive immunosuppressive drugs. The mech-
anism by which L. pneumophila infection of the lung is
controlled is not yet clear. L. pneumophila is relatively re-
sistant to the innate and humoral immune response. The
protective effect of antibody production and polymor-
phonuclear cells is limited [1-3] and activation of com-
plement does not result in inactivation or killing of the
bacteria [4]. Instead, cell-mediated immunity seems to be
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important for infection control. Initial investigations
demonstrated that lymphocytes from convalescents un-
dergo proliferation and release cytokine activity into the
cell culture supernatant after in vitro contact with forma-
lin-inactivated legionellae [5-10]. Macrophages that
were activated by these cytokines were able to restrict the
intracellular multiplication of legionellae after phagocy-
tosis [11, 12]. Later on, this cytokine activity was identi-
fied to be interferon-gamma (IFN-y) [13—-18]. IFN-y-ac-
tivated macrophages restrict L. pneumophila growth by
down-regulation of transferrin receptor and subsequent
reduction of intracellular concentration of iron [17,
19-22] but are not able to kill all intracellular legionellae.
Among the IFN-y-producing cells, natural killer (NK)
cells play a particular role. Resolution of replicative L.
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pneumophila infection via destruction of infected
mononuclear cells has been mediated by interleukin (IL)-
2-stimulated nonadherent peripheral blood leukocytes
with features resembling these of of NK cells [23-25].
The trigger for this cytolytic NK cell activity remained
unknown.

In a previous study, we demonstrated by immunocyto-
chemistry the adsorption of resident endoplasmic reticu-
lum (ER) proteins such as calnexin and BiP to L. pneu-
mophila residing within human monocytes [26]. In this
study, we provide evidence by electron microscopy and
Western blot that adsorption of calnexin and BiP to L.
pneumophila occurs during intracellular multiplication
within human monocytes. Furthermore, we could show a
remarkable decrease in MHC class I expression by the in-
fected host cells leading to a suppressed stimulation of al-
logeneic blood mononuclear cells but not to an enhanced
cytotoxicity of autologous NK cells against Legionella-
infected monocytes. In addition to lipopolysaccharide
possessing a dramatically reduced endotoxic capacity
[27], the reduced expression of MHC class I in infected
monocytes seems to be another immune escape mecha-
nism of L. pneumophila.

Methods

Bacterial strains

L. pneumophila serogroup 1 substrain Pontiac (fresh hu-
man isolate from a patient with severe Legionella pneu-
monia) was kindly provided by Prof. Ruckdeschel (Mu-
nich, Germany). L. pneumophila serogroup 1 Philadel-
phia ATCC 33152 (isolated from human lung), L.
micdadei ATCC 33218 (isolated from human blood via
yolk sac), and L. steigerwaltii ATCC 35302 (isolated
from tap water) were obtained from the American Type
Culture Collection. Bacteria were grown on BCYEa agar
(Biotest, Heidelberg, Germany) at 37°C in 5% CO, for
3 days.

MonoMac 6 cells

MonoMac 6 cells (MM6) were kindly donated by Prof.
H. W. L. Ziegler-Heitbrock (University of Leicester, UK)
and cultured as previously described [28].

Preparation of human blood cells

Peripheral blood mononuclear cells (PBMCs) were pre-
pared from leukocyte buffy coats, obtained from healthy
blood donors after informed consent, by density centrifu-
gation using Lymphocyte Separation Medium (PAA,
Coelbe, Germany) according to the instructions of the
manufacturer. For isolation of monocytes and NK cells,
PBMC:s of one donor were divided into two parts. Mono-
cytes were negatively isolated from the first part using the
Monocyte Isolation Kit (Miltenyi Biotec, Bergisch-Glad-
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bach, Germany). Autologous NK cells were negatively
selected from the second part of PBMCs using the NK
Cell Isolation Kit (Miltenyi) according to the instructions
of the manufacturer. Cell purity was assessed by flow cy-
tometry analysis (FACScan; Becton Dickinson, Heidel-
berg, Germany). Based on the binding of anti-CD14-
flourescein isothiocyanate (FITC) to monocytes (Serotec,
Diisseldorf, Germany) and a two-color FACS analysis us-
ing anti-CD3-FITC and anti-CD56-phycoerythrin (PE)
(Serotec) for NK cells, each cell population had a purity
of 95 %.

Infection of human monocytes with Legionella
species and intracellular growth

Infection of MM6 and PBMCs and the subsequent analy-
sis of intracellular multiplication of Legionella species
were performed as previously described [28]. Briefly, 2 X
107 monocytes were infected with 2 x 108 legionellae in
a volume of 1.5 ml in a well of a six-well tissue culture
plate (Greiner, Frickenhausen, Germany) to provide a
bacterium to cell ratio of 10:1. After 2 h of coincubation,
nonphagocytized bacteria were killed by the addition of
75 pg gentamicin per milliliter for 1 h at 37°C in 5%
CO,. After three washes, the cells were distributed in 1-
ml aliquots into the wells of a 24-well tissue culture plate
(Costar), yielding a concentration of 2x10°¢ infected
monocytes per well. The cells were then incubated for 72
h at 37°C in 5% CO, and the number of viable legionel-
lae after multiplication in monocytes was determined
every 24 h by hypotonic disruption of the cells and cul-
ture of the fluid on BCYE« agar. Six independent exper-
iments were performed. Growth rates were determined
statistically using the automatic spiral platers’ evaluation
pack (Meintrup DWS, Lahden-Holte, Germany).

FACS analysis of MHC expression of human
monocytic cells

To examine the MHC expression of MM6 and monocytes
prepared from PBMCs, FITC-labeled antibodies to hu-
man HLA class I and class II antigens (Serotec, Duessel-
dorf, Germany) were used and 10° cells per sample were
analyzed with FACScan. Negative fluorescence was de-
termined using cells stained with FITC-labeled antibod-
ies of the relevant immunoglobulin isotype but of irrele-
vant specificities (Serotec). Results were expressed as
percent positive cells as well as relative mean fluores-
cence intensity £ SD from at least three independent in-
fections.

Allogeneic stimulation of PBMCs

PBMC:s obtained from two unrelated blood donors were
washed twice in RPMI 1640 (Invitrogen, Eggenstein,
Germany). PBMCs from donor 1 (PBMC 1) were in-
fected with L. pneumophila using a bacteria to cell ratio
of 10:1. After incubation for 24 and 48 h, infected cells
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were irradiated with 30 Gy (OB 29-4; STS, Braun-
schweig, Germany) and placed in 24-well plates (Costar;
Corning Life Sciences, Schiphol-Rijk, The Netherlands)
giving a concentration of 4 x 10°¢ cells/well. Nonirradi-
ated PBMCs (4 x 10° from donor 2 (PBMC 2) were
added to each well. After incubation for 24, 48, and 72 h,
cell culture supernatants were harvested and IL-2 was
measured by enzyme immunoassay (R&D Systems,
Wiesbaden, Germany). Uninfected, irradiated allogeneic
PBMC 1 as well as irradiated, infected and uninfected au-
tologous PBMC 2 served as controls. All experiments
were performed at least in triplicate.

Determination of IFN-y secretion in IL-2-activated
NK cells

IL-2-activated NK cells were obtained after incubation of
2.5 x 10° NK cells/ml with 250 U/ml IL-2 for 48 h in
RPMI plus 10% FCS. Autologous monocytes were in-
fected with L. pneumophila or L. steigerwaltii using a
multiplicity of infection (MOI) of 10:1 or 1:1 and were
incubated for 24 and 48 h, respectively. Thereafter, mono-
cytes were irradiated with 30 Gy and 2.4 x 10° infected
monocytes were coincubated with 2.4 x 10° NK cells in
RPMI plus 10% FCS. Noninfected monocytes served as
a negative control. For control of maximal stimulation of
the NK cells, 1.6 x 10° K562 cells or 25 ng/ml phorbol
myristate acetate plus 2 pg/ml ionomycin (Sigma, Mu-
nich, Germany) were used. After 6 h coincubation at
37°C in 5% CO,, NK cells were measured for intracellu-
lar IFN-y using a saponin/monensin method (Cytofix/
Cytoperm Plus Kit; Becton Dickinson/PharMingen, Hei-
delberg, Germany) according to the instructions of the
manufacturer. Cells were identified by staining with
PerCP-labeled anti-CD3 (Becton Dickinson) and PE-la-
beled anti-CD56 (Serotec). Intracellular IFN-y was de-
tected by staining with FITC-labeled anti- IFN-y (Becton
Dickinson). Nonreactive monoclonal antibodies of the
appropriate IgG isotype were used to stain the isotype
controls. Stained cells were analyzed with FACScan. Re-
sults were expressed as percent IFN-y-positive cells + SD
after subtraction of eventual positive signals from the iso-
type control immunoglobulin preparations. Three inde-
pendent infections were performed. Samples were mea-
sured in duplicate.

Assessment of NK cell-mediated cytotoxicity

NK cell cytotoxicity was determined by performing a
Slchromium release assay. [L-2-activated NK cells (effec-
tor cells) were obtained after incubation of 2.5 x 10° NK
cells/ml with 250 U/ml IL-2 for 48 h in RPMI plus 10%
FCS. Autologous monocytes (target cells) infected with
L. pneumophila using a MOI of 1:1 and 10:1, were incu-
bated for 24 h. K562 cells, a NK-sensitive erythroblastoid
leukemia cell line, served as a positive control, uninfected
autologous monocytes served as a negative control. Be-
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fore adding effector cells, infected and uninfected mono-
cytes were labeled with Na,”'CrO, (1.665 x 10° Bq)
(Pharmacia, Freiburg, Germany) for 18 h. K562 cells
were labeled for 1 h. The cells were washed and resus-
pended in RPMI containing 10% FCS. Target cells were
placed in 96-well plates (Costar) giving a concentration
of 5 x 103 cells/100 pl. Effector cells were added to pro-
vide an effector to target cell ratio of 50:1, 10:1 and 2:1.
After incubation for 4 h at 37°C in 5% CO,, the plates
were centrifuged at 400 X g for 5 min and aliquots of the
supernatant were analyzed in a gamma counter. Specific
lysis was calculated as (a—b/c—b) x 100 %, where a is ex-
perimental release, b is spontaneous release and c is max-
imum release. All experiments were done in triplicate.

Preparation of immunobeads

Dynabeads Pan Mouse M450 (Dynal, Hamburg, Ger-
many) coated with the primary antibodies were coupled
to the secondary IgG directed against L. pneumophila
serogroup 1 lipopolysaccharide (mouse, monoclonal,
clone LP46; Biotrend, Cologne, Germany) for 40 min at
4°C. Beads were washed in PBS + 0.5% BSA.

Isolation of intracellular legionellae

To separate intracellular legionellae from MM6, infected
monocytes were centrifuged at 400 x g for 5 min and
washed twice with RPMI 1640. Lysis of MM6 and re-
lease of intracellular legionellae was undertaken by addi-
tion of 1 ml distilled sterile water to the cell pellet and ho-
mogenization of the monocytes by syringe and needle
(0.2 mm). The crude cell fragments were removed by dif-
ferential centrifugation at 400 X g for 5 min. For binding
of the released intracellular bacteria, the antibody-cou-
pled Dynabeads were mixed with the supernatant (about
two beads per bacterium, calculated from intracellular
bacterial growth rates) and incubated for 20 min at 4°C
with gentle shaking. Bacteria coupled to the beads were
collected using a magnetic particle separator (Dynal) and
washed three times with PBS/0.1% BSA (4°C). Unin-
fected MM6 were treated in an identical manner and
served as negative control.

SDS-PAGE and Western blot

Bacteria were lysed by addition of lysis buffer [29] and
proteins were solubilized for 30 min on ice. Insoluble
cell debris was sedimented by centrifugation (4°C, 20
min, 22,000 g), the supernatants were concentrated at
4°C using Microcon YM-10 filter devices (Millipore,
Schwalbach, Germany) and 1/1000 (v/v) of protease in-
hibitor cocktail (Sigma) was added. Protein concentra-
tions in the samples were determined using Roti-
Nanoquant (Roth, Karlsruhe, Germany). Proteins (55 pg
per lane) were subject to standard electrophoresis under
reducing conditions on a 8% polyacrylamide gel. Ten
micrograms of colored MagicMark protein standard (In-
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vitrogen) served as molecular weight marker. For West-
ern blotting, proteins were transferred to a nitrocellulose
membrane (Sigma, Munich, Germany) by means of wet
blotting at 300 V for 1.5 h (Hoefer Mini VE blot module,
Pharmacia, Freiburg, Germany). The membranes were
incubated at 4°C overnight in blocking solution (1 % her-
ring sperm in PBS) followed by incubation with the pri-
mary antibody [anti-calnexin, rabbit, polyclonal, Stress-
gen, Hamburg, Germany, 1:1000, in blocking solution;
anti-BiP, goat, polyclonal, Santa Cruz, Santa Cruz, Calif.
1:1000, in blocking solution; anti-tapasin, goat, poly-
clonal, Santa Cruz, 1:1000, in blocking solution; anti-
BiP (GrP78), goat, polyclonal, Santa Cruz, 1:1000, in
blocking solution] for 1h at room temperature. Mem-
branes were washed with PBS (three times each, 5 min
duration). Horseradish peroxidase (HRP)-labeled anti-
rabbit IgG (Stressgen) or anti-goat IgG (Stressgen),
1:1000, was added and incubated for 1 h at room tem-
perature. Membranes were washed again with PBS
(three times each, 5 min duration). HRP was detected by
addition of SuperSignal West Pico Chemiluminescent
Substrate according to the manufacturer’s instructions
(Perbio Science, Bonn, Germany). For image acquisition
and quantification, a digital imaging system (Diana III;
Raytest, Straubenhardt, Germany) was used. Lysed unin-
fected MM6 cells served as positive control. Im-
munobeads incubated with lysed noninfected MM6 were
used as negative controls.

Immunogold labeling of L. pneumophila and electron
microscopy

Infected monocytes were lysed as described above. The
crude cell fragments were removed by differential cen-
trifugation at 400 xg for 5 min and the resulting super-
natants were centrifuged at 25,000 g for 30 min to enrich
released bacteria. To localize L. pneumophila and to vi-
sualize adsorption of calnexin, the bacterial sediment was
incubated with a mouse monoclonal antibody to L. pneu-
mophila serogroup 1 LPS (anti-Lp46; Biotrend, Cologne,
Germany) and with a rabbit polyclonal antibody to cal-
nexin (Stressgen, Victoria, Canada), each diluted 1:5 in
PBS/FCS (1%) for 30 min at 37 °C with gentle shaking.
After washing, bacteria were incubated with the sec-
ondary antibodies (goat anti-mouse, 10 nm gold conju-
gate, British Bio Cell, Cardiff, UK; and goat anti-rabbit,
5 nm gold conjugate, British Bio Cell) in the same man-
ner as described above. Bacteria were fixed with 2.5%
glutaraldehyde (Paesel+Lorei, Hanau, Germany) in 0.1
M cacodylate buffer for 2 h and washed with fresh buffer.
After treatment with 1% OsO, (Paesel+Lorei) and satu-
rated tannic acid solution (EMS, Fort Washington, Pa.),
cells were harvested by centrifugation ( 400 Xg) and em-
bedded in 2 % agarose. Small cubes of agarose containing
fixed cells were treated with 2% uranyl acetate (EMS)
and washed with cacodylate buffer. Dehydration of the
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specimens was carried out with a graded ethanol series
and propylene oxide. Finally, the probes were embedded
in Araldite (Serva, Heidelberg, Germany) and polymer-
ized. Semi- and ultrathin sections were cut on a Reichert
ultramicrotome (Vienna, Austria) and mounted on piolo-
form coated copper grids (Storck Veco B. V., Eerbeek,
The Netherlands). After contrast enhancement with lead
citrate, the grids were examined using a Zeiss electron
microscope (Zeiss, Jena, Germany).

Statistics
Groups were compared by one-way analysis-of-variance
post-hoc tests performed by the Tukey-Kramer test.

Results

Legionella species differ in their intracellular
multiplication rate

MM6 were infected with Legionella species and the in-
tracellular growth rate was determined 72 h. The two
strains of L. pneumophila were able to multiply within
MMB6, the fresh clinical isolate (Pontiac) showing a
slightly higher intracellular multiplication rate than the
agar-adapted strain (Philadelphia ATCC). Bacteria began
to replicate immediately after in vitro infection and the
number of intracellular bacteria increased by around 2.5
logarithms. In contrast, L. micdadei and L. steigerwalltii
were not able to grow within MM6 (fig. 1). Monocytes
obtained from peripheral blood mononuclear cells
showed identical growth rates (data not shown).
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Figure 1. Intracellular multiplication of Legionella species within
MM6. MM6 were infected using a bacterium to cell ratio of 10:1.
After phagocytosis and killing of extracellular bacteria by gentam-
icin, cells were incubated for 72 h and the number of viable le-
gionellae after multiplication in MM6 was determined by hypotonic
disruption of the host cells and culture of the fluid on BCYE« agar.
Growth curves show the mean intracellular number of bacteria +
SD of six independent experiments.
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Figure 2. Intracellular adsorption of ER-resident proteins to L. pneumophila. MM6 were infected using a bacterium to cell ratio of 10:1.
Binding of calnexin to the surface of intracellular L. pneumophila within MMG6 is visualized by electron microscopy 6 h after infection (a).
Ten-nanometer gold conjugates identify L. pneumophila LPS (arrowheads), 5-nm gold conjugate stain adsorbed calnexin (arrows). West-
ern blot analysis was performed 24 h and 48 h after infection to show adsorption of calnexin (») and BiP (c) to L. pneumophila. Repre-
sentatives of four independent experiments are shown. L1P, L. pneumophila Sg 1 Pontiac; L.atcc, L. pneumophila Sg 1 ATCC 33152
Philadelphia 1; MM6, negative control (immunobeads incubated with noninfected MM6); PK, positive control (lysed MM6).

Intracellular adsorption of ER-resident chaperons

to L. pneumophila

Binding of calnexin to the surface of the highly replica-
tive intracellular L. pneumophila Pontiac within MM6
could be visualized by electron microscopy (fig. 2a).
Western blot analysis revealed that 24 h after infection,
adsorption of calnexin to L. pneumophila was more pro-
nounced in the Pontiac strain than in the agar-adapted
Philadelphia strain, whereas adsorption of BiP could not
be demonstrated at this time point. After 48 h, the
Philadelphia strain acquired a higher amount of calnexin
than the Pontiac strain and adsorption of BiP could be
demonstrated for both strains (fig. 2b, c¢). Tapasin and f3,-
microglobulin, molecules also involved in the formation
of MHC complexes, were not absorbed to the bacterial
surfaces (data not shown).

Infection of MMG6 cells with Legionella species
reduces MHC class I expression of host cells, depen-
dent on the bacterial intracellular replication rate
Already 24 h after infection with L. pneumophila, MHC
class I protein surface expression of MM6 evaluated as
percentage of fluorescence-positive cells was reduced
around 25 %, and after 48 h, the reduction was 50%. The

nonreplicative Legionella species only marginally re-
duced MHC class I expression (fig. 3a). Evaluated as
mean fluorescence intensity of the single cell, reduction
of MHC class I expression was small 24 h after infection,
but after 48 h, it was reduced around 80% for L. pneu-
mophila and around 30% for the non-preumophila
species (fig. 3b). Infection of PBMCs with Legionella
species showed the same degree and identical kinetics of
inhibition of MHC class I expression as was observed in
MM6 (data not shown). Addition of 1.5 x 10* U/ml IFN-y
could delay the reduction of MHC class I expression in-
duced by L. pneumophila only during the first 12 h of
intracellular replication within MM6 (fig. 4). Expression
of MHC class II was not influenced by infection with
Legionella species (data not shown).

Infection with L. pneumophila impairs

the stimulation of allogeneic PBMCs

Allogeneic stimulation was performed by coincubation of
irradiated PBMC 1 with nonirradiated PBMC?2 and deter-
mination of IL-2 secretion during coculture. The ability
of L. pneumophila-infected PBMCs to stimulate IL-2 se-
cretion of allogeneic PBMCs was severely reduced.
Whereas a marginal IL-2 secretion could be still observed
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Figure 3. Infection of MM6 with Legionella species reduces MHC class I expression of host cells, dependent on the bacterial intracellu-
lar replication rate. MM6 were infected using a bacterium to cell ratio of 10:1. After phagocytosis and killing of extracellular bacteria
by gentamicin, cells were incubated for 48 h and expression of MHC class I proteins was analyzed by FACS at the indicated time points.
Results are expressed as percent fluorescence-positive cells (means + SD) (a) and mean fluorescence intensity (means + SD) (b) from three

independent infections. * p < 104, ** p <0.0012, *** p < 0.004.
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Figure 4. Addition of IFN-y could delay the reduction of MHC class I expression induced by L. pneumophila during the first 12 h of in-
tracellular replication in MM6. Host cells were infected using a bacterium to cell ratio of 10:1 as described. Infection with L. pneumophila
Pontiac was performed with and without addition of 1.5 x 10* U/ml IFN-y immediately after phagocytosis and killing of extracellular
bacteria by gentamicin. Infected host cells were incubated for 48 h and expression of MHC class I proteins was analyzed by FACS at the
indicated time points. Results are expressed as % fluorescence-positive cells (means = SD) from three independent infections. * p < 104,

** p <0.0004, *** p <0.0006.

with infected PBMCs 24 h after infection (fig. 5a), there
was no IL-2 signal 48 h after infection (fig. Sb) where
MHC class I expression was maximally reduced (fig. 3
for comparison).

Autologous NK cells are activated after coincubation
with autologous L. pneumophila-infected monocytes
but are not able to lyse the target cells

After coincubation with L. pneumophila-infected autolo-
gous monocytes, NK cells were stimulated to produce

IFN-y (fig. 6). IFN-y production could be correlated to a
high intracellular multiplication rate, high MOI and long
time after infection-conditions associated with reduced
expression of MHC class I proteins (fig. 3 for compari-
son). Monocytes infected with L. pneumophila using a
MOI of 10:1 and an infection time of 48 h were able to
stimulate autologous NK cells to an extent comparable to
K-562 cells, whereas L. pneumophila-infected mono-
cytes using an MOI of 1:1 and an infection time of 24 h
or monocytes infected with the nonreplicative L. steiger-
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Figure 5. Infection with L. pneumophila impairs the stimulation of allogeneic PBMCs. Allogeneic stimulation was performed by coincu-
bation of irradiated PBMC 1 with nonirradiated PBMC?2 and determination of IL-2 secretion after 24 h, 48 and 72 h of coincubation. To
determine the effect of infection with L. pneumophila, PBMC1 were used 24 h («) and 48 h (b) after infection. PBMC1, PBMCI1 unin-
fected and irradiated (negative control); PBMC1 infected: PBMCI1 infected and irradiated (negative control); PBMC1+PBMC2: coincu-
bation of uninfected and irradiated PBMC1 with uninfected and non-irradiated PBMC2 (positive control: allogeneic stimulation); PBMC1
inf. + PBMC2: coincubation of infected and irradiated PBMCI1 with uninfected and non-irradiated PBMC2 (impairment of allogeneic
stimulation by infection with L. pneumophila); PBMC1 + PBMC 1: coincubation of uninfected and irradiated PBMC1 with uninfected and
non-irradiated PBMC1 (control); PBMCI1 inf. + PBMCI1: coincubation of infected and irradiated PBMC1 with uninfected and non-irra-
diated PBMC1 (control). Results are expressed as means + SD of IL-2 secretion from six independent infections. * p < 10
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IFN-y positive NK cells

Figure 6. Autologous NK cells are activated after coincubation
with autologous L. pneumophila-infected monocytes. Monocytes
were infected with L. pneumophila or L. steigerwaltii using an MOI
of 10:1 or 1:1 and were incubated for 24 and 48 h. Thereafter,
monocytes were irradiated with 30 Gy and were coincubated with
IL-2-activated autologous NK cells. Noninfected monocytes served
as negative control (monocytes); for control of maximal stimula-
tion, phorbol myristate acetate plus ionomycin (PMA) and K562
cells (K-562) were used. NK cells were measured for intracellular
IFN-y by FACS. Results are expressed as percent IFN-y positive
cells £ SD from three independent infections. L. pn.: L. pneu-
mophila; MOI, Multiplicity of infection (1:1, 10:1); 24 h, 48 h: time
after infection of monocytes. * p <104, ** p <0.004, *** p <0.006.

waltii did not show stimulation. Despite the obvious
recognition of L. pneumophila-infected autologous
monocytes, NK cells were not able to lyse these cells ef-
ficiently. Whereas incubation of NK cells with K-562
cells resulted in a specific lysis between 40 and nearly
80 % depending on the effector-to-target ratio, autologous
monocytic cells infected with L. pneumophila using an
MOI of 1:1 (fig. 7a) or 10:1 (fig. 7b) either showed only
marginal or no lysis at all.

Discussion

Interference with MHC antigen presentation pathways is
an effective strategy for pathogen evasion of an immune
response. The classical paradigm of antigen presentation
is that MHC class T molecules bind peptides in the ER
that are produced by proteasome-mediated catabolism of
endogenous or cytosolic antigens and are transported into
the lumen of the ER via the peptide transporter TAP.
These antigens are presented to cytolytic CD8* T cells
(CTLs). In contrast, exogenous antigens are phagocy-
tosed and degraded in acidified phagolysosomal vacuoles
to yield peptides that bind to MHC class Il molecules and
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Figure 7. Impaired lysis of autologous, L. pneumophila-infected
monocytes by NK cells. Monocytes (target cells) infected with L.
pneumophila using an MOI of 1:1 (a) or 10:1 (b) were incubated
for 24 h and then labeled with Na3!'CrO, (white bars). IL-2-acti-
vated autologous NK cells (effector cells) were added to provide an
effector to target cell ratio of 50:1, 10:1 or 2:1. K562 cells served
as a positive control (light-gray bars), uninfected autologous mono-
cytes served as negative control (dark-gray bars). Results are ex-
pressed as percent specific lysis = SD of three independent experi-
ments. * p <104, ** p <0.0005.

are thereby presented to CD4* T cells. Consequently, vi-
ral strategies to disturb antigen processing and presenta-
tion include interference with class I molecule assembly
and export resulting in down-regulation of MHC class |
molecules, combined with strategies to avoid NK cell
recognition [reviewed in ref. 30]. On the other hand, it has
long been accepted that bacteria residing in endosomal
compartments have the advantage of physical sequestra-
tion from MHC class I presentation and thereby reduce
stimulation of cell-mediated immune responses. Never-
theless, a number of studies have demonstrated that ex-
ogenous antigens with no intrinsic ability to escape from
phagosomes into the cytosol are nonetheless capable of
generating MHC class I-restricted immune responses.
Protective CTL responses have been generated against
vacuolar pathogens such as noncytosolic Listeria mono-
cytogenes, Mycobacterium and Leishmania [31-35]. In
addition, interference with MHC class I expression has
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been documented. Chlamydia pneumoniae down-regu-
lates MHC class I expression but not MHC class II ex-
pression by induction of IL-10 synthesis [36] and by
degradation of RFXS5 [37]. Infection of bovine
macrophages with Mycobacterium avium promoted the
down-regulation of MHC class I and class II molecules
depending on the virulence of a given subspecies. The
suppressive factor was found to be a constituent of the
cell wall. Down-regulation of MHC class I expression re-
sulted in a diminished capacity of primed autologous
lymphocytes to lyse M. avium-infected macrophages
[38]. The vacuoles that harbor L. pneumophila resemble
those of mycobacteria or chlamydiae in many aspects, in
particular with regard to the blocked maturation of the
phagosome [39, 40]. By using four Legionella strains dif-
fering in their ability to multiply within human mono-
cytes, we could show that a high intracellular replication
rate was associated with a more pronounced reduction of
MHC class I expression on the surface of infected host
cells. In addition, we could demonstrate that the extent of
intracellular adsorption of ER-resident chaperons to the
bacteria correlated with their intracellular replication
rate, in particular during the first 24 h of intracellular
replication. Adsorption of these chaperons was a specific
event since other molecules involved in the formation of
MHC complexes such as tapasin or fB,-microglobulin
[41] were not adsorbed to the bacterial surfaces (data not
shown). Two recent reports have shown that fusion be-
tween ER and phagosomes is a source of membrane for
phagosome formation in macrophages, and defines an
MHC class I cross-presentation compartment [41, 42].
ER proteins such as calnexin were highly enriched in
phagosomes, in particular in the earliest compartments.
L. pneumophila resides within a compartment staining
positive for resident proteins of the ER [40, 44, 45]. The
morphological similarities between replicative vacuoles
harboring Legionella and the host ER indicate that these
bacteria have developed a way to enter the ER lumen by
altering phagosome transport [46]. Within this compart-
ment, they may get access to the ER-resident chaperons.
We could show by electron microcopy that calnexin ad-
sorption to the surface of L. pneumophila can be detected
from 6 h after infection. Thus, ER-resident chaperons
may no longer be available to take part in the formation
of the MHC class I complex.

Whether L. pneumophila-specific CTLs are involved in
the lysis of infected monocytes has never been investi-
gated and the peptides presented to CTLs remain to be
characterized. The almost complete inhibition of stimula-
tion of allogeneic PBMCs induced by the remarkably re-
duced expression of MHC class I proteins on the surface
of L. pneumophila-infected human monocytes may be in-
dicative for an impaired antigen presentation to CTLs.
How L. pneumophila antigens are presented to CTLs re-
mains to be determined. Several alternative MHC class I
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pathways to induce CTL responses have been described.
These include direct injection of pathogen-derived anti-
genic material into the cytosol, recycling and endocytosis
of class I molecules followed by reassembly with peptide
ligand and B,-microglobulin within the endosome, and
regurgitation of peptide antigens from the endosomal
compartment onto the cell surface for association with
preformed MHC class I molecules [reviewed in refs. 47,
48]. The ability of L. pneumophila to insert pores into eu-
karyotic membranes [49] and the presence of a type IV
secretion system [50] may facilitate the delivery of Le-
gionella antigens into the cytosol. Furthermore, peptides
can be retranslocated from the phagosome to the cyto-
plasmic side of phagosomes by the Secl6/chaperone re-
translocation machinery, have access to the ubiquitin/pro-
teasome complex, with resulting peptides being shuttled
back into the phagosome by TAP where they are loaded
onto MHC class I molecules [42, 43, 51].

Reduction of MHC class I molecules on the surface of L.
pneumophila-infected human monocytes induced the
production of IFN-y by autologous NK cells. A high in-
tracellular multiplication rate, high MOI and long time
after infection — conditions associated with reduced ex-
pression of MHC class I proteins — stimulated autologous
NK cells to an extent comparable to the positive control
using K-562 cells. Surprisingly, these NK cells were not
able to lyse L. pneumophila-infected autologous mono-
cytes efficiently. The cause for this phenomenon remains
unclear. NK cell killing is inhibited primarily by the pres-
ence of either HLA-C or HLA-E and to a lesser extent by
some HLA-B alleles [52]. HIV-infected cells were re-
cently shown to selectively down-regulate HLA-A and
HLA-B while preserving expression of HLA-C and
HLA-E and are thereby protected from lysis by NK cells
[53]. Since we used a pan-class I antibody for determina-
tion of MHC class I expression by FACS, we could not
differentiate between the MHC class I isotypes. Thus, in-
duction of IFN-y production in NK cells indicates that, in
vivo, intracellular replication of L. pneumophila growth
may be restricted by IFN-y-mediated activation of in-
fected monocytes [17, 19-22] but L. pneumophila may
escape from CTLs as well as from destruction by NK
cells via regulated reduction of MHC class I isotypes on
the surface of infected host cells.
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