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Several novel Legionella pneumophila virulence genes were previously discovered by use of signature-tagged
mutagenesis (P. H. Edelstein, M. A. Edelstein, F. Higa, and S. Falkow, Proc. Natl. Acad. Sci. 96:8190-8195,
1999). One of these mutants appeared to be defective in multiplication in guinea pig lungs and spleens, yet it
multiplies normally in guinea pig alveolar macrophages. Here we report further characterization of the
mutated gene and its protein and the virulence role of the gene. The complete sequence of the gene, now called
IvgA, is 627 bp long, and its protein product is approximately 27 kDa in size. Ivg4 was present in all 50 strains
of L. pneumophila tested. No significant nucleic acid or protein homology was found in the GenBank database
for the gene, nor were any distinctive motifs discovered in a search of other databases. The expression of both
DotA and IemX in the lvyg4 mutant was normal. Subcellular fractionation studies localized LvgA to the outer
membrane fraction, and protease digestion studies suggested that at least some of the protein is surface
expressed. No change in bacterial lipopolysaccharide composition or reactivity to serogroup-specific antisera
was detected in the mutant. Growth competition studies with alveolar macrophages showed that the mutant
was outcompeted by its parent 3-fold in 24 h and 24-fold in 48 h, in contrast to what was observed with the null
phenotype in parallel testing with alveolar macrophages or with the A549 alveolar epithelial cell line. This
macrophage defect of the mutant bacterium was due to slower growth, as the mutant invaded alveolar
macrophages normally. Electron microscopy showed that the mutant bacterium resided in a ribosome-studded
phagosome in alveolar macrophages, with no distinction from its parent. The /lvg4 mutant was outcompeted by
its parent about sixfold in guinea pig lungs and spleens; prolonged observation of infected animals showed no
late-onset virulence of the mutant. Transcomplementation of the mutant restored the parental phenotype in
guinea pigs. The lvg4 mutant was twofold more susceptible to killing by human 3-defensin 2 but not to killing
by other cationic peptides, serum complement, or polymorphonuclear neutrophils. lvg4 is a novel virulence
gene that is responsible for pleiotropic functions involving both extracellular and intracellular bacterial

resistance mechanisms.

Legionella pneumophila, the most common cause of Legion-
naires’ disease, is a facultative gram-negative intracellular par-
asite. Legionnaires’ disease is a type of pneumonia that affects
mainly adults, especially those who have altered local lung
defenses or who have cellular immune system-suppressing dis-
eases. A multitude of L. pneumophila virulence factors have
been described; the majority of these affect the ability of the
bacterium to grow and survive within blood monocytes and
alveolar macrophages or within free-living amoebae (5). To
attempt to find L. pneumophila virulence factors responsible
for growth or survival in vivo but not necessarily in macro-
phages, Edelstein et al. previously performed signature-tagged
mutagenesis of L. pneumophila by using a guinea pig pneumo-
nia model (12). Several different new and previously discov-
ered putative virulence factors were found, and the transposon
insertion mutations in all but one mutant were found to be
responsible for significant defects in bacterial growth in guinea
pig alveolar macrophages. This mutant, 47:1e, apparently grew
as well in macrophages as did its parent, and partial sequencing
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of the interrupted gene revealed no homology with other
known bacterial genes. In this study, we fully sequenced the
47:1e gene, which we now call lvgA, performed gene comple-
mentation studies, and characterized more completely the vir-
ulence characteristics of this gene. We demonstrate that lvgA is
a novel guinea pig and macrophage virulence gene found in L.
pneumophila, that it encodes an outer membrane protein, and
that it is responsible for enhanced growth in macrophages
detectable only by competition studies of the mutant and its
parent.

MATERIALS AND METHODS

Bacteria, plasmids, and growth conditions. L. pneumophila serogroup 1 strain
F2310, also known as AA100jm, is a spontaneous streptomycin-resistant mutant
of strain 130b (ATCC BAA-74), originally isolated from a patient with combined
Legionnaires’ disease and pneumococcal and meningococcal pneumonia (12,
27). AA100jm is virulent in guinea pigs, macrophages, and amoebae (12, 28). L.
pneumophila strain F2341 contains a transposon insertion mutation in /vgA.
F2341 was made by transposon mutagenesis of AA100jm with Tn903HT (Tn903
harboring a signature tag) (12). Complement-sensitive (K-12) and -resistant
(K-29) Escherichia coli strains were obtained from Marcus Horwitz (20). E. coli
strain K-29 and Pseudomonas aeruginosa ATCC 25619 were used as controls in
neutrophil killing and defensin susceptibility assays, respectively. L. pneumophila
strains having mutations in dotO-icmB, dotB, icmX, and dotF-icmG were made
from strain F2310 by random transposon mutagenesis and used in studies of
LvgA expression (12).

L. pneumophila bacteria were grown at 35 to 37°C in ambient air on 3-(N-
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morpholino)-propanesulfonic acid (MOPS)-buffered charcoal-yeast extract agar
medium supplemented with a-ketoglutarate (BCYE-« agar) (14), in N-(2-acet-
amido)-2-aminoethanesulfonic acid (ACES)-buffered yeast extract broth supple
mented with a-ketoglutarate (BYE-a broth), or in ACES-buffered charcoal-
yeast extract broth supplemented with a-ketoglutaric acid (BCYE-a broth) (14).
E. coli strain XL-1 blue (Stratagene) was grown at 37°C either on Luria-Bertani
(LB) agar or in LB broth. Selective antimicrobial agents were added to the
growth media when appropriate and included kanamycin at 30 pg/ml and chlor-
amphenicol at 5 (L. pneumophila) or 30 (E. coli) pg/ml. A cosmid genomic
library of L. pneumophila strain 130b (1) was a gift from Nicholas Cianciotto, as
was plasmid pSU2719 (25). Plasmid pMMB207 (29) was a gift from Howard
Shuman. Plasmid pUC18 was purchased from Life Technologies, Gaithersburg,
Md.

Nucleic acid manipulations. All nucleic acid manipulations were accomplished
according to standard molecular biology techniques unless otherwise stated (2).
PCR was performed by using Tag polymerase (Promega) unless otherwise stated.

Complete sequencing of the Ivgd gene. Genomic DNA from mutant clone
47:1e (AA100jm lvgA::Tn903HT) was digested with restriction enzymes known
not to cut the transposon insertion upstream of the kanamycin resistance cassette
and ligated into appropriately digested pUC18. The recombinant plasmids were
electroporated into E. coli strain XL-1 blue, and the resulting Km" transformants
were characterized by restriction digest mapping. Plasmid DNAs from the de-
sired transformant insertions were sequenced by using M13 primers and a primer
walking technique. Because not all of the apparent open reading frame (ORF)
sequence and its flanking sequence could be obtained by this approach, the
remainder of the DNA sequence was obtained from a cosmid pool containing
genomic 130b DNA. Approximately 800 cosmid clones were screened in pools of
16 individual clones each by using PCR with primers obtained from the partial
sequence of lvg4. Two cosmid clones reacting with the /lvg4-specific PCR primers
were found; one was used to complete the full sequence of vgA4 and its flanking
sequences by using a primer walking technique. An ABI Big Dye Tag FS termi-
nator sequencing kit (Applied Biosystems) was used to synthesize the dye-
terminated DNA, which then was sequenced by using an ABI 377 automated
sequencer (University of Pennsylvania Sequencing Facility). Whole sequence
data were analyzed and aligned by using SeqMan II software, version 5.03
(DNASTAR Inc., Madison, Wis.). GenBank sequence database searching was
performed with the BLASTX and BLASTN search algorithms. Deduced amino
acid sequences were analyzed by using Motif (http://motif.stanford.edu/emotif/)
and SOSUI (http://sosui.proteome.bio.tuat.ac.jp/sosuiframe0.html). Multiple se-
quence alignments were performed by using Megalign, version 5.03, with the
Jotun Hein method (DNASTAR).

Macrophages and alveolar epithelial cells. Guinea pig alveolar macrophages
were prepared as previously described (12) and cultured in M199 (Life Tech-
nologies) supplemented with 10% fetal bovine serum (BioWhittaker, Walkers-
ville, Md.). A549, a human alveolar epithelial cell line, was a gift from Michael
Beers and was maintained in M199-10% fetal bovine serum. A549 cells were
harvested at logarithmic growth phase by using a 10 mM EDTA-phosphate-
buffered saline (PBS) solution and 5% trypsin—-PBS. Alveolar epithelial cells
(1.25 x 10°/well) were cultured overnight in a 24-well culture tray in 5% CO, in
air at 37°C and then used for experiments.

Serum killing assays. Normal serum was collected from healthy guinea pigs.
The antibody titer of the serum against L. pneumophila serogroup 1 strain F889
was 1:32, as measured by indirect immunofluorescence as described previously
but modified to detect guinea pig antibodies by use of fluorescein-labeled goat
anti-guinea pig immunoglobulin G antibodies (Cappel Research Products, West
Chester, Pa.) (10). Immune guinea pig serum was obtained from an animal
immunized with Formalin-fixed L. pneumophila serogroup strain F889 and had
an immunofluorescent-antibody titer of 1:256. Serum was heat inactivated at
56°C for 30 min when needed. Bacteria (10® CFU/ml) were incubated in phos-
phate buffer supplemented with Ca®>* and Mg>* (pH 7.35) and with or without
serum at 37°C for 1 h. The suspensions were diluted in decimal dilutions with
Mueller-Hinton broth (MHB) (Difco Laboratories, Sparks, Md.), plated on
BCYE-a agar, and incubated for 3 days. Surviving bacteria were enumerated by
counting CFU on the plates.

Defensin killing assays. To determine whether mutation of lvgA in L. pneu-
mophila resulted in susceptibility to human defensins, assays of bacterial killing
by the human defensins human B-defensin 2 (HBD-2) and human neutrophil
peptide 1 (HNP-1) (both gifts from Tomas Ganz) were carried out by using a
modification of a previously described assay (7). HB3D-2 is found in human lungs,
epidermis, and oral mucosa, and HNP-1 is found in human neutrophils (7).
Plate-grown L. pneumophila bacteria or exponential-phase broth-grown P.
aeruginosa bacteria were suspended in Sorenson’s phosphate buffer (pH 7.4, 10
mM) (32). Sorenson’s buffer alone had a greater killing effect on broth-grown
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than on plate-grown L. pneumophila F2310 and F2341, so that is why plate-grown
bacteria were used. The assays were carried out with autoclaved siliconized
microcentrifuge tubes (Fisherbrand siliconized low retention; Fisher Scientific).

Neutrophil killing assays. Human peripheral polymorphonuclear leukocytes
were purified by density gradient centrifugation and dextran sedimentation as
described previously (4). Killing assays were performed with 20% human serum
as previously described, with one exception (22). M199 rather than Hanks’
balanced salt solution was used to suspend the bacteria and neutrophils, as the
Legionella bacteria were killed by the salt solution.

Determination of flagellation. Plate-grown Legionella bacteria were suspended
in sterile distilled water and stained for the presence of flagella by using Ryu stain
(Remel Laboratories, Lenexa, Kans.) as described previously (9, 24).

Intracellular growth assays. Macrophages or alveolar epithelial cells were
prepared as described above, infected with L. pneumophila (multiplicity of in-
fection [MOI], 0.1), and incubated in 5% CO, in air at 37°C. Culture superna-
tants were harvested at various times, diluted appropriately with MHB, and
plated on BCYE-«a agar. Bacterial competition studies took advantage of the
kanamycin resistance of L. pneumophila strain F2341 (lvg4A mutant) and the
kanamycin susceptibility of its parent. In these competition studies, the concen-
tration of the parent strain was determined by subtracting the total bacterial
concentration determined by plating on nonselective BCYE-a agar from the
bacterial concentration determined by plating on BCYE-a agar containing kana-
mycin. In some experiments, cultured cells were lysed in tissue culture wells by
low-energy sonication as described previously (13); this process does not affect
the viability of L. pneumophila.

Invasion assays. Guinea pig alveolar macrophages (2.5 X 10° to 5 X 10°
cells/well) were infected with bacteria (MOI, 100) in 24-well microplates, after
which the plates were centrifuged at 800 X g for 8 min at room temperature. Five
wells were inoculated for each bacterium. The infected macrophages were incu-
bated at 37°C in 5% CO, in air for 2 h; washed three times with warm M199;
incubated with gentamicin (100 pg/ml) for 1 h; washed three times with warm
M199, which was replaced with sterile distilled water; and lysed by low-energy
sonication for 20 s. The lysate was plated quantitatively on BCYE-a agar. Pre-
vious experiments showed that there is no significant increase in intracellular L.
pneumophila F2310 concentrations during the 1-h gentamicin incubation period
(19), that the gentamicin incubation and subsequent washing steps kill and
remove about 6 log;, extracellular bacteria, and that the residual intracellular
bacterial concentration is higher than the extracellular concentration after gen-
tamicin addition and washout (data not shown). The percentage of bacteria that
were intracellular was calculated by dividing the bacterial concentration of the
sonicate by that of the initial supernatant.

Electron microscopic observations. To determine whether F2341 (lvg4 mu-
tant) resided in a ribosome-studded phagosome, electron microscopy of F2341-
infected guinea pig alveolar macrophages was performed, and the results were
compared with the electron microscopic findings for F2310-infected alveolar
macrophages. Guinea pig alveolar macrophages were cultured on sterile plastic
coverslips and then infected with L. pneumophila (MOI, 0.1). The infected cells
were incubated for 2 or 3 days, fixed with 2% glutaraldehyde in PBS, and washed
with ice-cold PBS. Fixed materials were processed by using standard techniques
and examined by using an electron microscope, specifically seeking ribosome
studding of the L. pneumophila-containing phagosome (University of Pennsyl-
vania Biomedical Image Core Facility).

Transcomplementation of the L. pneumophila lvgA mutation. A DNA fragment
containing the L. pneumophila A gene was amplified from L. pneumophila
AA100jm genomic DNA by PCR with an upstream sense primer (mule U79;
TACTGCAGTTTATCCGTCGATTTATTGTT) and a downstream antisense
primer (mule L1003; CGGGATCCGGGGAGTTATGTGCTTTT); PstI and
BamHI sites (underlined sequences) were incorporated into these primers, re-
spectively. Amplification was performed by using Vent polymerase (New En-
gland Biolabs, Beverly, Mass.). The 958-bp PCR product of the lvg4 gene was
BamHI/Pst1 digested and then ligated into identically digested pSU2719. E. coli
XL-1 blue was transformed with the ligated product by electroporation. Plasmid
DNA of Cm" transformants was mapped by restriction digestion to confirm
proper insertion of the desired DNA fragment into the plasmid. The cloned lvgA4
gene was sequenced by using M13 forward and reverse primers to verify that
there was no erroneous incorporation of nucleotides during amplification. A
single clone containing the whole /vg4 gene ORF, 231 bp 5’ of the ORF, and 84
bp 3’ of the ORF was picked for further study, and the plasmid was designated
pHT29c. The 731-bp Dral/Smil Klenow-treated fragment from pHT29c, which
contains the /vg4 ORF and its predicted promoter, was then cloned into Smal-
digested pMMB207, creating pPE15. Complementing plasmid pPE15 contained
the entire lvg4 ORF as well as 77 bp 5’ and 31 bp 3’ of lvgA; it excluded the first
37 bp of the putative ORF 5’ of lvgA. The lvg4 mutant of AA100jm, clone 47:1e,
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referred to in this report as F2341, was transformed with pPE15 by electropo-
ration as previously described (6). Plasmid DNAs from several Cm" transfor-
mants were mapped by restriction digestion to confirm the presence of the
desired plasmid. One of the transformants containing the desired plasmid was
picked for further studies and was designated F2461. PCR testing of F2461 with
lvgA-specific primers showed that it contained the full-length vg4 gene, in con-
trast to the noncomplemented mutant. In addition, immunoblot analysis of the
transcomplemented mutant with LvgA antibodies demonstrated that the
transcomplemented mutant made detectable LvgA of the same size as that found
in the parent strain and that LvgA production was not detectable in the g4
mutant. Appropriate negative controls for the mutant and parent strains were
created by electroporating empty pMMB207 into F2341 and F2310, respectively,
creating F2462 and F2463, respectively.

Detection of lvgA in other Legionella sp. strains. The presence of /vg4 in 50
different strains of L. pneumophila (15 serogroups) was detected by PCR with
IvgA-specific primers U86 (TATAATTTTCTCTTGGGGATT) and L711 (TGT
CAATTTTGGGCTAAT), which gave a 643-bp product. BCYE-« agar plate-
grown bacteria were harvested into 5 mM EDTA to approximate the density of
a no. 1 MacFarland barium sulfate standard. The bacterial suspensions were
heated at 99 to 100°C for 20 min. PCR was carried out by using a 25-pl volume
with 1 pl of the heated bacterial suspensions as a template.

Animal model. The guinea pig model of L. pneumophila pneumonia was used
as described previously (11). L. pneumophila was grown in BYE-a broth under
the appropriate selective conditions and diluted in sterile water at a concentra-
tion of 3.3 X 10° CFU/ml. A total of 10° CFU was injected into the surgically
exposed tracheas of Hartley strain male guinea pigs weighing ~250 g. The
animals were killed 2 days later. The right lower lung lobe and spleen were
removed aseptically, weighed and ground in MHB, and diluted in decimal dilu-
tions with the same type of broth. Diluted tissue homogenates were plated on
BCYE-a agar with or without kanamycin. Another experiment extended the
postinfection observation time to 7 days postinfection. Analysis of the amount of
lung consolidation was performed by low-power microscopic analysis of blind-
coded histologic sections of animal lungs that had been stained with hematoxylin
and eosin as described previously (11). The inflammatory pattern was charac-
terized by using a similar method but at a higher-power magnification.

Expression of LvgA and production of anti-LvgA polyclonal antibodies. To
produce LvgA antibodies for use in immunoblot studies, the protein was ex-
pressed in E. coli. The lvg4 ORF was amplified from a plasmid containing the
gene by PCR with primers (CGCGGATCCATGGCAGACGGCGATATC and
CCGGAATTCTTTTGCATCAATGGACCC) having BamHI and EcoRI sites
(underlined sequences) to allow directional cloning into pGEX-2T (Pharmacia).
PfuTurbo DNA polymerase enzyme (Stratagene) was used in the PCR. The
subcloned plasmid (pBH1) was transformed into E. coli BL-21. The sequence of
the amplified gene was confirmed by sequencing in both directions with pGEX
forward and reverse primers (Pharmacia). The expression of LvgA in BL-21 was
accomplished by growth of the bacterium in ampicillin-containing LB broth at
25°C for 5 h after previous overnight growth at 37°C. Protein expression was then
induced by the addition of 0.1 mM isopropyl-B-p-thiogalactopyranoside (IPTG)
and incubation at the same temperature for 1.5 h. The protein was purified from
the sonicated bacterial supernatant by using glutathione S-transferase (GST)
binding resin (Pharmacia). The ~50-kDa expressed protein, including the GST
tag, was used to immunize rabbits with a multi-injection protocol which included
the use of both complete and incomplete Freund’s adjuvants (Express Line
Protocol; Lampire Biological Laboratories, Pipersville, Pa.). Rabbit serum col-
lected approximately 50 days after the initiation of immunization was purified by
using a protein A column (Sigma).

Immunoblot analysis. To identify the expression of LvgA, DotA, and IemX
proteins in the lvg4 mutant and its parent and the expression of LvgA in dot-icm
mutants, immunoblotting was used (26, 34). Plate-grown colonies of bacteria
were sonicated (for DotA and LvgA) or boiled (for IemX), lysed in Laemmli
sample buffer (2), and applied to sodium dodecyl sulfate-polyacrylamide gels
(12.5 or 10% acrylamide Criterion precast gels; Bio-Rad). Separated proteins
were transferred electrophoretically to Immobilon-P membranes (Millipore).
The membranes were probed with polyclonal rabbit antibodies against LvgA
(1:500), DotA (1:1,000; gift from Craig R. Roy), or IcmX (1:500; gift from Craig
R. Roy) and alkaline-phosphatase conjugated anti-rabbit secondary antibodies
(Boehringer Mannheim). The proteins were visualized by using nitroblue tetra-
zolium and 5-bromo-4-chloro-3-indolylphosphate (DotA and IecmX) or by
chemiluminescence (LvgA) with a Western Light Plus System (Applied Biosys-
tems) according to the manufacturer’s directions. For DotA and IemX, blocking
and antibody dilutions were performed with PBS containing 5% nonfat dry milk
and 0.1% Tween 20. A proprietary blocking buffer (Applied Biosystems) was
used for LvgA studies.
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Subcellular localization of LvgA. To determine whether LvgA was secreted
into culture supernatants, culture supernatants were processed as previously
described (40), except that antibiotic-free BYE-a broth was used as the culture
medium. The subcellular location of LvgA was determined by using the method
described by Roy and Isberg (35); the only exceptions to their protocol were the
use of BYE-a broth and growth of the bacteria to log phase or stationary phase
(optical density at 600 nm, 0.2 or 3.0, respectively). To determine whether LvgA
was surface expressed and therefore subject to proteolytic cleavage, trypsin
(bovine pancreatic trypsin type I; Sigma) digestion of whole and sonicated bac-
teria was performed as described previously (39) with BYE-a broth-grown log-
phase bacteria. Lipopolysaccharide (LPS) preparations of L. pneumophila were
made as described by Nolte and colleagues (30) with BYE-a broth-grown log-
phase bacteria. Determination of the preservation of L. pneumophila serogroup
1 LPS antigen was performed as previously described with rabbit polyclonal
anti-L. pneumophila serogroup 1 fluorescein-conjugated antibody (M Tech, At-
lanta, Ga.) (9). Immunofluorescence staining of LvgA in whole bacterial cells,
either unfixed or acetone treated, was attempted with rabbit polyclonal LvgA
antibody as the primary antibody and goat anti-rabbit immunoglobulin G fluo-
rescein-labeled antibody as the secondary antibody (U.S. Biochemicals).

Nucleotide sequence accession number. The lvg4 sequence has been deposited
in the GenBank database at the National Center for Biotechnology Information
under accession number AF181867.

RESULTS

Complete sequence and genetic structure of lvg4. A 1,020-bp
sequence surrounding the transposon insertion in clone 47:1e
was sequenced in both directions. A 627-bp ORF was con-
tained in the sequence; the Tn903 transposon insertion site was
located 367 bp 3’ of the start of the large ORF. Both a pre-
dicted promoter site and a probable Shine-Dalgarno site were
located 5’ of the start of the ORF. This 627-bp ORF was
named lvgA, for Legionella virulence gene. Located 6 bp 5’ of
lvgA was a 108-bp putative ORF in the same reading frame as
lvgA but separated from /vg4 by a termination codon in the
same reading frame. No significant homology of /vgA with
known genes was found in the National Center for Biotech-
nology Information GenBank database by use of either
BLASTX (word size 2) or BLASTN (word size 7) search tools.
Searches of a variety of databases with either nucleic acid or
deduced protein input yielded no significant homologies; the
negative searches included Blocks (http://blocks.fherc.org
/blocks/), eMotif (http://motif.stanford.edu/emotif-search/),
Interpro (http://www.ebi.ac.uk/interpro/scan.html), and Profile-
Scan (http://hits.isb-sib.ch/cgi-bin/PFSCAN). No signal se-
quence was identified. A comparison of the nucleic acid se-
quence of lvgA with that published for L. pneumophila strain
Philadelphia 1 (http://genome3.cpmc.columbia.edu/~legion
/index.html) revealed 99.4% identity at the nucleic acid level
and 96.2% identity at the deduced protein level. Of the 24
nucleic acid lvg4 mismatches found between L. pneumophila
strains F2310 and Philadelphia 1, 16 were silent. No recognized
OREFs or predicted proteins were found within 500 bp of either
end of /vgA4 in the Columbia University L. pneumophila ge-
nome database.

Presence of lvgA in other L. pneumophila strains. To deter-
mine whether lvg4 is confined to just L. pneumophila strains
F2310 and Philadelphia 1 or can be found more globally within
L. pneumophila strains, colony PCR with lvgA4-specific primers
was performed for 50 different L. pneumophila strains. All 50
L. pneumophila strains tested contained /vgA. Thus, lvgA is not
unique to a particular L. pneumophila strain.

LvgA characteristics. Immunoblot analysis of LvgA showed
that it was detectable from sonicated, but not boiled, F2310
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FIG. 1. Immunoblot of various bacterial fractions with LvgA anti-
body. Odd-numbered lanes contain F2310 fractions (lvg4™"); even-
numbered lanes contain F2341 fractions (lvg4 mutant). Lanes: 1 and 2,
culture supernatants (secreted protein); 3 and 4, total bacterial soni-
cate; 5 and 6, soluble subfraction; 7 and 8, Triton X-100-soluble sub-
fraction; 9 and 10, non-Triton X-100-soluble subfraction. Identical
results were obtained in two additional independent experiments.

bacterial cells. LvgA had an apparent molecular size of 27.7
kDa and appeared as a single band under both reducing and
nonreducing conditions. The apparent size of LvgA was the
same for both the native L. pneumophila protein and the re-
combinant protein (after GST cleavage) in E. coli, indicating
that the native protein is monomeric and is not extensively
modified posttranslation. Strain F2341 (lvg4 mutant) produced
no detectable LvgA, as expected (Fig. 1, even-numbered
lanes). Both F2310 and F2341 produced equivalent amounts of
DotA and IcmX, as judged by the density of the specific
stained bands when equivalent amounts of total bacterial pro-
tein were analyzed (data not shown). L. pneumophila strains
having mutations in dotO-icmB, dotB, icmX, or dotF-icmG all
produced normal amounts of LvgA, indicating that the dot-icm
complex played no role in the production or transport of LvgA
(data not shown).

Subcellular localization of LvgA. Bacterial cell fractionation
studies showed that LvgA was located in the non-Triton X-100-
soluble fraction (Fig. 1, lane 9), (fraction O, as defined by Roy
and Isberg [35]). No secretion of LvgA into the culture me-
dium could be detected. These findings were independent of
growth phase, as both early-logarithmic- and late-stationary-
phase cultures of F2310 (lvgA™) contained LvgA in the non-
secreted, non-detergent-soluble fraction. This result provided
strong evidence that LvgA is an outer membrane protein. To
determine whether LvgA is surface expressed, whole and son-
icated bacterial cells were treated with trypsin. If LvgA is
surface expressed, then trypsin exposure of both whole and
sonicated bacterial cells will be expected to degrade the pro-
tein. If LvgA is not surface expressed, then trypsin will be
expected to degrade the protein only in sonicated bacterial
cells. LvgA was relatively trypsin resistant, but high trypsin
concentrations degraded the protein in both intact and soni-
cated bacterial cells, indicating that it is at least partially sur-
face expressed (Fig. 2). Coomassie blue-stained polyacryl-
amide gels of trypsin-treated whole bacterial cells showed that
many bacterial proteins were not degraded by trypsin, exclud-
ing leaky or partially lysed bacterial cells as the explanation for
the trypsin degradation of LvgA in whole bacterial cells. Since
many outer membrane proteins are constituents of bacterial
LPS, we determined whether there was any difference in LPS
composition between F2310 (lvgA ") and F2341 (lvgA mutant).
LPS gels stained by silver staining showed no difference in the
15 visualized bands between the two bacteria. Also, immuno-
fluorescence staining of the bacterial strains with polyclonal
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antibody to the L. pneumophila serogroup 1 LPS antigen
showed that both bacterial strains stained strongly with the
antibody. Attempts to detect LvgA by immunofluorescence
microscopy of F2310 with LvgA polyclonal antibody were un-
successful, either in the presence or in the absence of acetone
permeabilization of bacterial cells.

Growth and flagellar expression of the lvg4 mutant. L. pneu-
mophila strain F2341 (lvg4A mutant) grew as well as its parent
in BYE-a broth, as determined by monitoring of its optical
density with time (data not shown). The mutant possessed
single or double monopolar or bipolar flagella indistinguish-
able from those of its parent.

Susceptibility to extracellular killing. Initial studies with
guinea pigs and their alveolar macrophages showed that L.
pneumophila strain F2341 (lvgA mutant) apparently grew as
well as its parent in the macrophages but that the mutant
bacterium was less virulent than its parent in the guinea pig
pneumonia model. To determine whether this phenotype
could be attributed to the susceptibility of the mutant bacte-
rium to non-macrophage-related host defenses, the resistance
of the bacterium to killing by serum complement, neutrophils,
and defensins was determined. The mutant bacterium was as
resistant as its parent to killing by serum complement and
human neutrophils. After 1 h of incubation in 20% fresh non-
immune guinea pig serum or heated 20% L. pneumophila im-
mune guinea pig serum, there was no change in the bacterial
concentration; incubation in combined 20% fresh nonimmune
serum and heated immune serum resulted in a decrease in the
bacterial concentration of log;, 3.8 CFU/ml. The serum-sensi-
tive E. coli control strain showed a decrease in concentration of
log,, 4.2 CFU/ml after incubation in 20% fresh serum but
showed no change in concentration after incubation in heated
20% L. pneumophila immune serum. Similarly, incubation of
the L. pneumophila A mutant strain with human neutrophils
for 1 h resulted in a decrease in bacterial concentration of log,
0.55 CFU/ml, whereas incubation of the same strain in all
reaction components except for neutrophils resulted in a de-
crease of log,, 0.45 CFU/ml, an insignificant difference. The
neutrophil-sensitive E. coli control strain was killed by neutro-
phils under the same conditions, with a change in concentra-
tion of log;, —2.85 CFU/ml; under the same conditions without
neutrophils, there was an increase in bacterial concentration of
log,, 0.08 CFU/ml.

sonicate whole cells

L — —

4 2 0 4 3 2 1 0

trypsin conc. mg/ml

FIG. 2. Immunoblot of F2310 (vgA™) with LvgA antibody after
trypsinization of sonicated bacterial cells or of whole bacterial cells
with subsequent washing and sonication. Equivalent amounts of bac-
teria were added to each lane, as confirmed by Coomassie blue staining
of gels before blot transfer. The trypsin concentrations (conc.) used are
shown. The data are representative of findings of three independent
experiments.

pu—



2398 EDELSTEIN ET AL.

125+

100- [ |
X 75
S 50l +p=00s (&
s 1.2 =*
a 0.9-|l’

0.6 *

0.3 [m'l

0.0

HpBD-2 HNP-1

Peptide

FIG. 3. Mean percent survival of L. pneumophila strains F2310
(lvgA™) and F2341 (IvgA mutant) and P. aeruginosa after 1 h of incu-
bation with HBD-2 or HNP-1 (both at 5 pg/ml) in comparison to that
of the same bacteria incubated in buffer without the defensins. Sym-
bols: open bar, F2310; hatched bar, F2341; closed bar, P. aeruginosa.
Error bars, shown only for HBD-2, represent the standard error of the
mean. Three independent experiments were performed in duplicate
for HBD-2, and one experiment was performed in duplicate for
HNP-1. Note the two different axis scales.

L. pneumophila strain F2341 (lvgA mutant) was significantly
more sensitive to HBD-2 (5 pg/ml) than its parent, strain
F2310 (Fig. 3). After 1 h of incubation with the peptide, the
F2341 concentration was 0.43% (95% confidence interval [CI],
0.01 to 0.85%; n = 3) of its concentration under the same
conditions in the absence of the peptide. In contrast, F2310
survival was about twice that of the mutant (0.91%; 95% CI,
0.09 to 1.7%); the difference between the survival concentra-
tions of the two bacterial strains was significant (P value, 0.04,
as determined by a paired ¢ test; 95% CI for the difference, 0.05
to 0.90%; three independent experiments). Lower concentra-
tions of HBD-2 had minimal killing effects on the L. pneumo-
phila bacteria. The limited amount of material precluded ex-

8_

log1o cfu/ml

day
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tensive studies with HNP-1 (5 pg/ml), but one experiment
showed that the F2310 concentration after 1 h of incubation
with the peptide was not significantly different from that found
for F2341 under the same conditions (Fig. 3). Both F2310 and
F2341 grew equally well on BCYE-a medium containing poly-
myxin B (80 U/ml, or ~8 pg/ml).

Intracellular growth and invasion. Multiple studies of L.
pneumophila strain F2341 (lvgA mutant) showed that it grew in
guinea pig alveolar macrophages and A549 cells apparently as
well as its parent (Fig. 4). There was a consistent difference in
bacterial concentrations of ~0.5 log,, unit on the second day
of macrophage infection, a difference that we originally dis-
missed as being both biologically and statistically insignificant.
However, when the mutant and parent bacteria were combined
in the same tissue culture wells, the parent strain outcompeted
the mutant strain by 4- to 24-fold (Fig. 5). Microscopic obser-
vation of F2341-infected alveolar macrophages at later stages
of infection showed almost complete lysis of all macrophages
after 3 to 4 days postinfection, a pattern indistinguishable from
that seen with F2310-infected macrophages. F2341 was inter-
nalized as effectively as its parent, as shown by gentamicin
protection studies; 0.06% of extracellular F2341 bacteria were
internalized after 1 h of incubation with alveolar macrophages,
as opposed to 0.07% internalization of F2310 bacteria (P value,
0.75, as determined by an unpaired ¢ test; one experiment
performed in quadruplicate). A second gentamicin protection
experiment confirmed these results.

Electron microscopy. To determine whether the /vg4 muta-
tion affected the ribosomal studding of phagosomes ordinarily
observed in L. pneumophila infection of macrophages (21),
electron microscopy of guinea pig alveolar macrophages in-
fected with either the mutant or its parent was performed. This
examination showed that both bacterial strains were located

logo cfu/ml

day

FIG. 4. Growth of L. pneumophila strains F2310 (lvg4 ") and F2341 (lvg4 mutant) in explanted guinea pig alveolar macrophages (A) or A549
cells (B). The L. pneumophila concentration (log,, CFU per milliliter) in tissue culture supernatants was plotted against the day of infection. Cells
were infected on day 0. Several other experiments yielded similar results. Day 0 bacterial concentrations are based on counts of the bacterial
inocula. Means and standard errors of the means for triplicate wells are shown. Note the different scales in the two panels. Symbols: OJ, F2310;
A, F2341. The data are representative of more than two independent experiments.
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FIG. 5. Ratio of concentrations of L. pneumophila strains F2310
(lvgA™) and F2341 (lvgA mutant) in explanted guinea pig alveolar
macrophages. Equal concentrations of F2310 and F2341 were added to
the same tissue culture wells, and the ratio of F2310 to F2341 was
determined by observing the differential growth on media with and
without kanamycin. The inset shows the total (F2341 plus F2310)
bacterial concentrations. Cells were infected on day 0. Means and
standard errors of the means for triplicate wells are shown. Note the
two different axis scales. The data are representative of two indepen-
dent experiments.

within qualitatively identical ribosome-studded phagosomes
(data not shown).

Guinea pig infection studies. F2341 (lvg4 mutant) was sig-
nificantly less virulent for guinea pigs than F2310 (lvg4™) in
lung infection studies; in all of these studies, the bacteria were
inoculated into the trachea under direct observation. Four
guinea pigs were inoculated with a mixture of F2310 and F2341
(F2310/F2341 inoculum ratio, 2.5). All animals developed fe-
ver and weight loss and were killed 50 h postinfection; F2341
was present in the lungs and spleens at 15% (95% CI, 8 to
23%) and 18% (95% CI, 14 to 20%) F2310 levels, respectively.
In three other parallel (noncompetition) infection studies, in
which guinea pigs received either F2310 or F2341 in nearly
equivalent inocula (F2310/F2341 inoculum ratios, 0.9, 1.2, and
1.3), the animals infected with F2341 had mean L. pneumo-
phila lung concentrations 18% of the concentrations in those
infected with the parent strain (pooled data; n = 10 for each
bacterium; 95% CI, 8 to 28%). Guinea pigs infected with
F2341 had higher weights and lower temperatures than ani-
mals infected with F2310 (data not shown). To determine
whether animals infected with F2341 would become as ill as
those infected with F2310, but at a later time period, infected
animals were studied for 7 days rather than for the 2 days used
in the lung clearance studies (Fig. 6). The inoculum ratios were
almost identical for the two bacteria (F2310/F2341 inoculum
ratios, 1.0 and 1.2 for the high- and low-inoculum groups,
respectively). This study showed that animals infected with
F2341 had significantly lower temperatures (P value on days 3
and 4 postinfection, <0.04, as determined by a ¢ test; pooled
data) and higher body weights than animals infected with
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F2310 (Fig. 6B and A, respectively). Two of seven animals
infected with F2310 died of pneumonia, both on day 5 postin-
fection, whereas all eight F2341-infected animals survived. As
was found in the shorter-observation-period animal studies,
the clearance of F2341 from the lungs of 7-day survivors was
significantly greater than that seen in animals infected with
F2310 (P value, <0.01, as determined by a ¢ test; pooled data)
(Fig. 6D). Lung weights were also significantly higher in the
F2310-infected 7-day survivors (P value, <0.01, as determined
by at test; pooled data) (Fig. 6C). Animals infected with F2341
did become ill, as measured by the presence of fever and
weight loss. Thus, F2341 was significantly less virulent in
guinea pigs than its parent, but the mutant bacterium was not
completely avirulent.

Infection of guinea pigs with either F2310 or F2341 resulted
in lung inflammation and consolidation, although the histo-
logic patterns differed qualitatively for the different infections.
Infection with the parent strain resulted in more neutrophilic
lung infiltration than infection with the lvg4 mutant strain. An
average of 45% (two independent experiments; n = 7; 95% ClI,
19 to 70%) of the total lung area was consolidated in lungs
taken from animals infected with the /vg4 mutant strain for 2
days; this value was greater than the average 23% consolida-
tion observed in animals infected with the parent strain (two
independent experiments; n = 14; 95% CI, 14 to 32%), but this
difference was not significant (P value, 0.09, as determined by
an unpaired ¢ test with Welch’s correction). The degrees of
lung consolidation were almost exactly the same for animals
infected with these bacteria at 7 days after infection (one
experiment; n = 7 in each group; means of 64 and 66% for
mutant and parent, respectively; P value, 0.8, as determined by
an unpaired ¢ test). In striking contrast, neutrophilic infiltration
was significantly greater in the lungs of animals infected with
the parent strain than in those of animals infected with the
mutant strain at both 2 and 7 days after infection. Macro-
phages represented the major type of inflammatory cells ob-
served in the lungs of animals infected with either bacterium.
Neutrophils represented an average of 40% (n = 14; 95% CI,
32 to 47%) of the total inflammatory cells present in the lungs
of animals infected with the parent at 2 days after infection,
versus 24% (n = 7; 95% CI, 17 to 31%) for infection with the
mutant (P value, 0.009, as determined by an unpaired ¢ test). At
7 days after infection, neutrophils represented an average of
43% (n = 7; 95% CI, 25 to 60%) of lung inflammatory cells for
parent infection, versus 2% (n = 7; 95% CI, 0 to 4%) for
mutant infection (P value, 0.001, as determined by an unpaired
t test with Welch’s correction).

Guinea pig virulence of the transcomplemented lvg4 mu-
tant. Transcomplementation of lvg4 in F2341 (lvg4 mutant)
restored the virulence of the bacterium to the levels observed
for the parent strain (Fig. 7). Animals infected with the
transcomplemented mutant had body temperatures and spleen
and lung clearances of L. pneumophila that were indistinguish-
able from those observed for animals infected with the parent
strain containing an empty vector. Animals infected with the
transcomplemented mutant showed slightly more weight loss
than animals infected with the parent strain, although this
difference was not significant.
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FIG. 6. Results of guinea pig pneumonia study. Guinea pigs were infected by the intratracheal route on day 0 with L. pneumophila strain F2310
(lvgA™) or F2341 (IvgA mutant). (A) Body weights. (B) Body temperatures. Only data for the lowest inoculum sizes used (log;, 6.0 and 5.9 CFU
for F2310 and F2341, respectively) are shown for graphic clarity, as results obtained with higher inoculum sizes were very similar; there were four
animals in each group. (C) Lung weights (wt.) for all survivors infected with either high (H) (log,, 6.7 and 6.6 CFU for F2310 and F2341,
respectively) or low (L) (see above) inoculum sizes; there were four animals in both F2341 groups, three in the low-inoculum F2310 group, and
two in the high-inoculum F2310 group. (D) Lung concentrations of L. pneumophila for each of the four experimental groups. Day 0 bacterial
concentrations are based on the inoculum size delivered into the trachea, day 5 values are for animals with fatal pneumonia (one animal in each
F2310 inoculum group), and day 7 values are for survivors. For all panels, means and standard errors of the means are shown. Symbols for panels
A, B, and D: V, F2310 low inoculum; V¥, F2310 high inoculum; m, F2341 high inoculum; O, F2341 low inoculum.

DISCUSSION

These results show that /vgA is a novel L. pneumophila vir-
ulence factor which may act both through altering intracellular
growth and through resistance to one or more pulmonary de-
fensins. The discovery of lvgA as a virulence factor was possible
only by testing bacterial mutants in guinea pigs, as the macro-
phage growth defect of the vg4 mutant is extremely subtle and
would have been missed by the usual cell culture screening
methods. These factors suggest that more such undiscovered
L. pneumophila virulence factors may exist.

Since the initial macrophage testing of L. pneumophila
F2341 (lvgA mutant) showed no significant defect in macro-
phage growth, we explored several possible reasons for the
attenuated virulence of the mutant in guinea pigs, focusing on
extra-alveolar macrophage lung host defense mechanisms. We
speculated that either during initial deposition in the lungs or
during the release of the bacterium from infected macro-
phages, the non-macrophage-dependent lung defenses could
affect the survival or lung clearance of the mutant bacterium.
Our studies demonstrated that the mutation did not confer
serum complement sensitivity or neutrophil killing susceptibil-
ity, two major mechanisms for host defenses against pathogens

in general. However, we did show that one lung antimicrobial
peptide, HBD-2, was significantly more active against the mu-
tant than against its parent. This defensin susceptibility did not
appear to be the result of global susceptibility to defensins or
cationic peptides, in view of the resistance of the bacterium to
polymyxin B and probably its resistance to HNP-1. However,
sufficient studies were not performed with HNP-1 to confirm
that the mutant bacterium was truly resistant to this defensin.

The twofold increase in the sensitivity of the mutant bacte-
rium to HBD-2 may be biologically significant. H3D-2 concen-
trations in normal human lungs are not known with certainty
but are probably in the range of 1 pg/ml (15). Localized con-
centrations of HBD-2 in inflamed lungs may be considerably
higher, such that resistance to extracellular or intracellular
HBD-2 activity could be an important L. pneumophila viru-
lence mechanism (15). HBD-2 is an inducible bactericidal cat-
ionic peptide produced by skin and respiratory epithelial cells,
monocytes, and alveolar macrophages (8, 36, 37). A number of
host inflammatory mediators increase HBD-2 production;
these include gamma interferon and tumor necrosis factor «,
the levels of both of which are increased in L. pneumophila
infection (3, §, 18, 36, 37). Intracellular HBD-2 concentrations
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FIG. 7. Infection of guinea pigs with the transcomplemented lvg4
mutant. Guinea pigs were infected on day 0 with equal amounts of
F2341 (lvgA mutant) transcomplemented with vg4 on pMMB207,
F2310 (lvgA™) with empty vector, or F2341 with empty vector. All
animals were killed 50 h later. (A) Body weights (wt.). (B) Body
temperatures. (C) Lung (filled symbols) and spleen (open symbols)
concentrations (day 0 concentrations represent inoculum sizes). Data
represent means and standard errors of the means. Symbols: m, trans-
complemented mutant; ¥, parent; A, mutant.

and the subcellular localization are unknown, but it is possible
that this defensin plays a role in killing intraphagocytic bacteria
(23). HBD-2 is thought to be most important in host lung
mucosal immunity against infection and in aiding in the clear-
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ance of inhaled bacteria, and it could play this role in Legion-
naires’ disease (36, 37). In both normal and inflamed lungs,
even a small effect on bacterial survival could tip the balance in
favor of the host, especially early in the course of infection.
Proof of the role of HBD-2 in host defenses against L. pneu-
mophila will require studies with L. pneumophila-susceptible
animals that are defective in HBD-2 production, an animal
model that does not yet exist, to our knowledge.

Cationic peptide resistance is important for the virulence of
many pathogenic bacteria. Some of the known gram-negative
bacterial cationic peptide virulence factors include pagP and
the sap family for Salmonella enterica serovar Typhimurium,
htrB for Haemophilus influenzae, and rcp for L. pneumophila
(16, 17, 33, 38). S. enterica serovar Typhimurium pagP controls
LPS acylation, and the sap family virulence factors act as pep-
tide and ion transporters (16, 17, 31). Starner and colleagues
described the enhanced susceptibility of nontypeable H. influ-
enzae htrB mutants to HBD-2 but not HBD-3 and attributed
the specific HBD-2 resistance to a defect in lipo-oligosaccha-
ride acylation (38). Robey and colleagues reported that an L.
pneumophila rcp mutant had reduced sensitivity to cationic
peptides, including polymyxin B and C18G; neither the sus-
ceptibility of this mutant to HBD-2 nor studies of its LPS were
reported, but an abnormality of LPS acylation could be ex-
pected because of the homology of rcp to pagP (33). The rcp
mutant, in contrast to the /vg4 mutant, showed substantially
reduced growth in several different cell types. Unlike the H.
influenzae htrB mutant and probably the L. pneumophila rcp
mutant, the L. pneumophila lvgA mutant had no discernible
abnormality in LPS structure, although it is possible that such
an LPS abnormality existed but was not detected by our meth-
ods. The degree of increased sensitivity of the L. pneumophila
rcp and H. influenzae htrB mutants to the peptides relative to
what was observed for their parents was of the same order of
magnitude as that which we observed for the increased sensi-
tivity of F2341 relative to its parent.

We were able to demonstrate that the /vg4 mutant grew less
well in macrophages than its parent, but only by using bacterial
competition studies and alveolar macrophages. The lvg4 mu-
tant was outcompeted by its parent starting 1 day after infec-
tion. There appeared to be a plateau in the parent/mutant ratio
by day 2. Whether the mutant would eventually “catch up” to
the parent with prolonged observed is impossible to know
because of the entire loss of the cell monolayer by infection day
3 as a result of bacterial infection and cytotoxicity.

Virtually all studies of L. pneumophila putative virulence
genes have used intracellular growth or cytotoxicity studies to
determine whether a gene is a virulence factor. This study
demonstrates that this cellular infection method may not de-
tect all virulence genes, even ones that cause significant defects
in macrophage multiplication, as determined by competition
studies. Bacterial competition studies may be required to ex-
clude attenuated intracellular virulence of an L. pneumophila
gene mutation, despite negative cell infection or cytotoxicity
studies.

Several guinea pig studies demonstrated that /vgA4 is an L.
pneumophila virulence factor in this animal model. A compe-
tition study in which both the parent and the mutant were
given to the same guinea pigs in equivalent amounts demon-
strated that the mutant was outcompeted by the parent by
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about five- to sevenfold after 2 days. Several parallel noncom-
petition studies confirmed the greater lung clearance of the
mutant than of the parent and that animals infected with the
mutant appeared less ill. A clinical study with a longer obser-
vation period confirmed that infection with the mutant atten-
uated the clinical illness, compared to that observed with the
parent, and that the /vg4 mutant did not cause late-onset
illness. The /vg4 mutant bacterium is not avirulent in guinea
pigs, however, as infection with this bacterium causes animal
illness and lung inflammation. Thus, lvgA4 is only one of mul-
tiple L. pneumophila virulence genes responsible for causing
pneumonia.

Guinea pig infection with the /vg4 mutant bacterium re-
sulted in considerable lung inflammation, as has been observed
for other L. pneumophila bacteria with mutations in other
virulence genes (28; unpublished observations). In addition,
partial suppression of the acute neutrophil response in the
lungs of animals infected with the lvg4 mutant was seen, as was
almost complete elimination of the neutrophil response to
infection with the mutant bacterium in the recovery phase of
lung inflammation. These results may indicate that LvgA pro-
motes a neutrophilic inflammatory response, either directly or
indirectly, or that the more efficient lung clearance of the
mutant bacterium results in less of a proneutrophilic stimulus,
perhaps one elicited by macrophages.

Whether the lvg4 mutant is attenuated in guinea pig viru-
lence solely because of its slower growth in alveolar macro-
phages is unanswered by this study. The enhanced susceptibil-
ity of the lvg4 mutant to HBD-2 suggests that both HBD-2-
dependent extracellular and HBD-2-independent intracellular
factors play a role in the pathogenesis of Legionnaires’ disease
although, as discussed above, it is possible that intracellular
HBD-2 plays a role in host defenses. It is possible that HRD-2
and other extracellular factors play roles during the initial
entry of the bacterium into the lungs, before phagocytosis of
the bacterium by lung cells, or that an extracellular factor plays
a role in host defenses during the period between the release
of the bacterium from one phagocyte and its entry into a new
host cell. Why /vg4 would have a pleiotropic virulence effect is
unanswered.

The mechanism by which lvgA exerts its phenotype is un-
known. We have strong evidence that LvgA is an outer mem-
brane protein that is surface expressed and not secreted. Based
on this probable location, LvgA could function in a variety of
ways, such as acting as part of a bacterial sensing system or as
a trigger for the host cell or immune system response. LvgA is
unlikely to function as a macrophage or other immune cell
binding ligand, as the lvg4 mutant bacterium was phagocytosed
normally by alveolar macrophages and because the bacterium
was killed normally by neutrophils. A variety of L. pneumophila
surface-expressed virulence factors have been described; these
include lipid A, flagellae, pili, a porin, MIP, a 25-kDa outer
membrane protein, and a heat shock protein (Hsp60) (5).
LvgA is not clearly related to any of these previously described
virulence factors on genetic or structural grounds. The /vg4
mutant has no apparent effect on LPS composition or produc-
tion of flagella, and the lvg4 gene has no significant DNA
homology with any other described bacterial gene. LvgA also
has no apparent structural motifs or significant protein homol-
ogy with previously bacterial proteins.
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In conclusion, L. pneumophila lvgA is a novel virulence fac-
tor. This virulence factor is necessary for full virulence of the
bacterium in guinea pigs and presumably humans. It is unique
in that an lvg4 mutant shows subtly decreased growth in alve-
olar macrophages, yet infection of the whole animal with the
mutant results in attenuated disease seemingly out of propor-
tion to the macrophage growth defect. The susceptibility of the
mutant to a pulmonary defensin and the relative to complete
lack of a neutrophilic response to infection suggest that hgA
has a pleiotropic effect on macrophage growth, local host de-
fenses, and the global host inflammatory response to infection.
It is very likely that many more such L. pneumophila virulence
factors exist that have subtle or nonexistent cell infection phe-
notypes but are still capable of causing disease because of
synergistic pleiotropic functions.
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