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Chronic granulomatous disease (CGD) patients are susceptible to life-threatening infections by the
Burkholderia cepacia complex. We used leukocytes from CGD and healthy donors and compared cell
association, invasion, and cytokine induction by Burkholderia multivorans strains. A CGD isolate, CGD1,
showed higher cell association than that of an environmental isolate, Envl, which correlated with cell
entry. All B. multivorans strains associated significantly more with cells from CGD patients than with those
from healthy donors. Similar findings were observed with another CGD pathogen, Serratia marcescens, but
not with Escherichia coli. In a mouse model of CGD, strain CGD1 was virulent while Envl was avirulent.
B. multivorans organisms were found in the spleens of CGD1-infected mice at levels that were 1,000 times
higher than those found in Envl-infected mice, which was coincident with higher levels of the proinflam-
matory cytokine interleukin-1f. Taken together, these results may shed light on the unique susceptibility

of CGD patients to specific pathogens.

Chronic granulomatous disease (CGD) is a rare primary
immunodeficiency resulting from genetic defects in the phago-
cyte NAPDH oxidase. It is characterized by life-threatening
infections caused by specific bacteria and fungi, leading to
pneumonias, tissue abscesses, and exuberant granuloma for-
mation (38). The Burkholderia cepacia complex (Bcc) includes
at least 10 distinct species and is a leading cause of bacterial
infections in CGD (44). Patients with cystic fibrosis (CF) also
develop Bcce infections with various outcomes, ranging from no
change in clinical course to a more rapid deterioration of lung
function to the dreadful cepacia syndrome, which is character-
ized by necrotizing pneumonia and sepsis (25, 45). Interest-
ingly, Bee rarely causes infection in healthy individuals, but it
can infect patients undergoing bronchoscopies and other pro-
cedures (4).

Within the Bec, Burkholderia cenocepacia and Burkholderia
multivorans are commonly isolated from CF and non-CF pa-
tients (4, 32); the rate of B. multivorans infection now exceeds
that of B. cenocepacia at several CF centers (15). In contrast to
the high transmissibility of some CF B. cenocepacia strains (i.e.,
the epidemic lineage ET12) (24, 25), CF B. multivorans infec-
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tions likely reflect independent acquisitions from unrelated
sources (24). Curiously, unlike B. cenocepacia, B. multivorans
has been recovered from environmental samples only rarely (1,
24), and it is the most frequently found species among CGD
patients (16, 17).

The mechanisms by which the Bec causes disease specifically
in CF are not known. Bcc isolates can survive within macro-
phages (28, 33) and respiratory epithelial cells (5, 21) and can
invade epithelial cells in vivo (8, 10) and persist in the lung (9,
10). Cell infection assays using monocytes, macrophages, and
epithelial cells (10, 11, 29, 46) show great variability among
individual Bcc strains, with no clear correlation between those
isolated from CF patients and those isolated from the environ-
ment (22). For the most part, these studies have been carried
out using tissue culture models (28, 29, 43) and, in some cases,
CF human or CF mouse cell systems (34, 35).

Much less is known about the interaction between the Bce
and CGD despite the availability of animal models for the
disease (20, 31). B. cenocepacia induced the necrosis of human
CGD neutrophils but not normal controls (6). Similarly to
healthy people, normal mice are resistant to the Bcc and usu-
ally show only transient infections upon inoculation (8, 37). On
the other hand, CGD mice are highly susceptible to Bec infec-
tion and show clinical signs that are similar to those of the
human disease (20, 31, 37).

To address why B. multivorans is a pathogen in CGD, we
initiated studies with strains isolated from CGD patients and
CGD cells. Strains of B. multivorans differed in cell association
and cell entry. We found a preferential association of bacteria
with CGD instead of normal leukocytes as shown by micros-
copy and culture techniques. This preferential association is
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shared by another CGD pathogen, Serratia marcescens, but not
by Escherichia coli. Finally, we demonstrate dramatic differ-
ences in virulence in B. multivorans strains in a mouse model of
CGD.

MATERIALS AND METHODS

Bacterial strains and growth conditions. Clinical strains used in this study
were isolated from respiratory cultures of NIH patients with CGD (B. mul-
tivorans CGD1 and CGD3 and Serratia marcescens) or CF (B. multivorans CF2).
Reference strains of B. multivorans used included the type strain ATCC BAA-
247 (CF1, from a CF patient) and the environmental strain ATCC 17616 (Env1).
Escherichia coli HB101 was used as the control. All strains were stored at —80°C.
Prior to assays, bacteria were streaked onto tryptic soy agar (TSA) with 5% sheep
blood, and colonies grown in Luria-Bertani broth at 37°C to logarithmic phase
(optical density at 600 nm, ~0.6).

Cell isolation and culture. Purified monocytes from normal donors were
obtained by counterflow centrifugal elutriation. Human peripheral blood mono-
nuclear cells (PBMCs) were obtained through Ficoll-Hypaque density gradient
centrifugation from normal volunteers (Department of Transfusion Medicine)
and from CGD patients monitored at the NIH (Bethesda, MD). All subjects gave
appropriate informed consent. Neutrophils were isolated through the cushion of
Ficoll-Hypaque by sedimentation and the osmotic lysis of erythrocytes (3).

Cell viability was estimated by trypan blue exclusion (>99%), and the cells
were seeded in culture on 12-mm coverslips on 24-well plates (Becton Dickinson)
at 1 X 10° cells per well in complete RPMI medium (Invitrogen, Carlsbad, CA)
containing 2 mM L-glutamine, 20 mM HEPES (HyClone, Logan, UT), and 5%
human AB serum (Gemini Bio-Products, Woodland, CA) and allowed to adhere
for at least 2 h.

Cell infection assays were based on Bec infection assays reported previously (5,
28). In short, coverslip monolayers of monocytes, PBMCs, or neutrophils were
infected for 2 h with bacteria grown to mid-log phase and diluted in tissue culture
medium (multiplicity of infection [MOI] = 4). Supernatants were collected for
cytokine measurements as described below. For cell association experiments to
detect attached and internalized bacteria, coverslips were washed extensively
with RPMI medium, fixed with methanol, and then stained with Giemsa (EMD
Chemicals Inc., Gibbstown, NJ). Stained coverslips were examined under light
microscopy using x40 and X100 objectives for enumeration. A total number of
350 cells/sample in at least six random fields were counted. The percentage of
infected cells was calculated using the following formula: (number of cells with
associated bacteria/total number of cells counted) X 100. For quantitative mi-
crobial cultures, bacteria were released from coverslips by 0.5% Triton X-100
and serially diluted in Hanks balanced salt solution (HBSS). Quantitative mi-
crobial cultures were performed on TSA with 5% sheep blood plates for CFU
analyses.

Confocal microscopy. To aid the visualization of B. multivorans by confocal
microscopy, plasmid pBHR1-GFP was introduced into bacteria by electropo-
ration for the constitutive expression of green fluorescent protein (GFP) (41).
GFP was excited with an argon laser at 488 nm using a Leica SP5 confocal
microscope (Leica Microsystems, Exton, PA) with a X40 oil immersion ob-
jective (numerical aperture, 1.4) and X5 zoom. To assess internalized bacte-
ria, differential interference contrast (DIC) images were collected simulta-
neously with the fluorescence images at the mid-plane of the cell nucleus
using a transmitted light detector. Images were taken at several random fields
for each sample and processed using Leica LAS-AF, version 1.6.3, and Adobe
Photoshop.

Detection of cytokines. Cytokines from culture supernatants or mice serum
were assayed using multiplex bead-based assays (Bio-Rad Laboratories, Hercu-
les, CA) and processed according to the manufacturer’s instructions.

Animal model. The virulence of selected B. multivorans strains was evaluated
in autosomal-recessive CGD (p47P"**~/~) C57BL/6 background mice (20). A
total of 4 X 10° CFU of strain CGD1 or Env1 were inoculated intraperitoneally
into groups of six to eight mice, and the number of moribund or dead mice was
recorded (37). Wild-type C57BL/6 mice (Taconic) were used as controls. Mice
were matched by age (2 to 4 months) and sex for each set of experiments.

In a different set of experiments, 3 days following bacterial inoculation serum
was obtained by tail bleeding, and animals were sacrificed and spleens collected,
homogenized, and serially diluted with PBS. Quantitative cultures were per-
formed on TSA with 5% sheep blood plates for CFU analyses. The study was
approved by the NIAID Animal Care and Use Committee.

Statistical analysis. Values are expressed as the means * standard errors of
the means, and differences between study groups were assessed by the unpaired

INFECT. IMMUN.

two-tailed ¢ test using InStat/Prism software, version 5.0c (GraphPad Software,
San Diego, CA), with a level of significance of P < 0.05. The log-rank (Mantel-
Cox) test was applied to Kaplan-Meier survival data.

RESULTS

Burkholderia multivorans cell association. We assayed the
ability of a B. multivorans strain from a CGD patient and an
environmental strain to associate with normal human mono-
cytes. Elutriated monocytes from healthy donors (n = 10) were
infected in vitro with B. multivorans, and the percentage of cell
association (% cells showing bound and/or ingested bacteria)
was measured microscopically after the Giemsa staining of
infected monolayers (MOI = 4 at 2 h of infection). The clinical
isolate CGD1 had a very high cell association, with ~70% of
cells showing associated bacteria. In contrast, the environmen-
tal isolate Env1 showed only 8% cell association (Fig. 1A). The
observed differences in cell association were preserved across
monocyte samples from multiple donors and both at lower
MOISs and in the absence of active complement by using heat-
inactivated serum (not shown).

The number of bacteria that associated per cell differed
among the bacterial isolates. Strain CGD1 showed an average
of ~6 rods/cell (Fig. 1B). In contrast, strain Envl exhibited a
distinct pattern of infection, with most of the infected cells
showing 1 or 2 rods/cell (Fig. 1C) interspersed with occasional
fields with cells showing multiple bacteria (Fig. 1D).

Correlation between cell association and invasion. To see if
differences in cell association correlated with differences in
internalization, monocytes were infected with GFP-expressing
bacteria and examined by confocal microscopy (MOI = 4 at
2 h of infection). To visualize internalized bacteria, DIC im-
ages were collected simultaneously with the fluorescence im-
ages at the mid-plane of the nucleus using a transmitted light
detector.

Strain CGD1 invaded many human monocytes with several
rods per cell (Fig. 1E). In contrast, strain Envl most commonly
showed 1 rod/cell (Fig. 1F); however, occasional cells with
multiple rods were seen (Fig. 1G). Overall, these experiments
indicate a correlation between associated and internalized bac-
teria for each strain: a higher bacterial association of CGD1
compared to that of Envl by Giemsa staining correlated with
more cells showing internalized CGD1 than Envl, as seen by
the confocal microscopy of GFP fluorescent bacteria.

Cytokine induction in human monocytes by B. multivorans
isolates. To compare the cytokine induction of B. multivorans
isolates, monocyte culture supernatants were collected 2 h
after infection. Both B. multivorans strains induced cytokines,
predominantly tumor necrosis factor alpha (TNF-a) (Fig. 2A),
interleukin-6 (IL-6) (Fig. 2B), and the chemokine IL-8 (Fig.
2C) to comparable levels (P > 0.05).

B. multivorans association with CGD and normal cells. Hav-
ing shown that the variability in terms of cell association and
internalization was intrinsic to the strain of B. multivorans, we
sought to explore whether the response of cells from CGD
patients was different from that of healthy individuals. There-
fore, we tested the cell association of B. multivorans with cells
from CGD patients and compared it to that of cells from
normal donors. For these experiments, three additional clinical
strains of B. multivorans isolated from CF or CGD patients
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FIG. 1. Cell association and cell invasion of B. multivorans with normal human monocytes. (A) Percent of normal human elutriated monocytes
with associated bacteria. Cell monolayers on coverslips were exposed to bacteria for 2 h (MOI = 4). Coverslips were stained with Giemsa reagent
and then examined at X400 and X1,000 magnifications to determine the percentages of cells with associated bacteria. These results were averaged
from 10 independent experiments. P < 0.001. (B to D) Cell association was assessed by the Giemsa staining of monocytes infected with strain
CGD1 (B) or Envl (C and D); magnification, X1,000. Cell invasion by GFP-expressing bacteria CGD1 (E) or Envl (F and G) was assessed by
DIC images collected simultaneously with the fluorescence images at the mid-plane of the cell nucleus. Arrows show cells with bacteria.

were used in addition to strains CGD1 and Envl. The percent-
age of normal PBMCs (n = 10 donors) with associated bacteria
varied among the strains, with the highest values being for the
clinical strain CGD1 and the lowest values being for the envi-
ronmental strain Envl (Fig. 3A). We found no significant dif-
ferences in cell association between isolates from CF and CGD
patients. We also tested the cell association of the five B.
multivorans strains with PBMCs from CGD patients to study
cell bacterial interactions in this disease. Notably, significantly
more cells from CGD patients showed associated bacteria (Fig.
3A) than cells from normal volunteers independently of the
strain source.

To confirm the microscopically observed differences in the
cell association of B. multivorans with CGD and normal
PBMC:s (Fig. 3A), quantitative cultures were performed following
the release of bacteria from infected PBMCs (MOI = 4 at 2 h
of infection). CGD cells had ~10 times more associated bac-
teria (in CFU) than normal cells for both CGD1 and Envl
strains (Fig. 3B).

Since impaired oxidative burst production in neutrophils is
thought to be the critical defect leading to the susceptibility of
CGD to infection, we also compared the rates of bacterial
association with neutrophils from CGD patients (n = 5) to that
from normal donors (n = 5). Again, B. multivorans isolates
associated significantly more with CGD neutrophils than with
normal donor neutrophils (Fig. 3C).

Cell association of another CGD pathogen, S. marcescens,
with CGD and normal leukocytes. Having shown the prefer-
ential association of B. multivorans with PBMCs from CGD
patients over healthy controls, we were interested to know

whether this phenomenon was reproduced by other CGD
pathogens. Therefore, we tested the cell association of a CGD
clinical strain of S. marcescens with PBMCs from CGD pa-
tients and normal donors. Interestingly, S. marcescens associ-
ated significantly more with CGD PBMCs than healthy donor
cells (Fig. 4).

To assess whether this higher bacterial association was a
general feature of CGD cells (i.e., CGD cells are more sticky),
we tested E. coli, an enteric organism that is related to S.
marcescens. Interestingly, no differences in cell association be-
tween CGD and normal cells were seen for E. coli HB101 (Fig.
4) or a clinical isolate (not shown).

Cytokine induction by B. multivorans isolates in CGD and
normal human cells. Cytokine secretion in PBMC infected
with B. multivorans strains yielded predominantly TNF-« and
IL-6. Comparisons between the induced TNF-« and IL-6 levels
in CGD PBMCs and normal PBMCs showed a trend toward
higher values with CGD PBMCs; however, the difference was
not significant (P > 0.05) (Fig. 5).

Virulence of three B. multivorans strains in a mouse model of
CGD. Given the variation among different bacterial strains
with normal and CGD leukocytes in vitro, we sought to assess
the virulence of these B. multivorans strains in vivo. Strains
CGD1 and Envl were inoculated (4 X 10° CFU intraperito-
neally) into autosomal-recessive CGD mice (p47P"*~/") (20),
and the number of moribund or dead animals was recorded. By
day 6, all animals died or became moribund when inoculated
with clinical strain CGDI1, while none of the mice died or
became moribund when inoculated with the environmental
strain Envl (Fig. 6A). No deaths were noted when wild-type
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FIG. 2. Cytokine production (TNF-a [A], IL-6 [B], and IL-8 [C]) by
normal human elutriated monocytes infected with B. multivorans. Cul-
ture supernatants from monocytes exposed for 2 h to different strains
(MOI = 4) were recovered and assayed through a multiplex bead-
based assay (Bio-Rad Laboratories). NS, nonstimulated cells. Cyto-
kines are expressed in picograms/milliliter. Results were averaged
from 10 independent experiments. P > 0.05 for cytokine levels induced
by CGD1 compared to those induced by Envl.

C57BL/6 mice controls were inoculated with the same bacterial
dose (not shown).

To assess the bacterial load in vivo, strains CGD1 and Env1
were inoculated into p47P"°*/~ mice as described for the
survival experiments. Animals were sacrificed humanely 3 days
postinoculation, and spleens were collected and processed for
CFU analyses. The bacterial loads in the spleens from mice
inoculated with strain CGD1 were 1,000 times higher than
those in mice inoculated with strain Envl (Fig. 6B). In addi-
tion, mice inoculated with strain CGD1 had significantly higher

INFECT. IMMUN.

serum levels of the proinflammatory cytokine IL-1f than those
exposed to strain Envl (Fig. 6C).

DISCUSSION

CGD is a unique immunodeficiency caused by impaired
phagocyte NAPDH oxidase activity. This defect leads to pneu-
monia and tissue abscesses from a narrow group of microor-
ganisms, including the Bcc, Serratia marcescens, Staphylococcus
aureus, Aspergillus spp., and Nocardia spp. (38). The Bcce also
affects CF patients; however, little is known about why these
two patient populations are particularly susceptible.

Earlier reports of Bec from CGD or CF patients did not
differentiate the Bec at the species level; we now know that
both B. cenocepacia and B. multivorans predominate in both
patient populations, with B. multivorans being more fre-
quently isolated. Bec pathogenicity studies have focused on
interactions of the Bec (mostly B. cenocepacia) with normal
and CF cells, with less research being done on the Bcec
in CGD.

Data on a few B. multivorans strains show that it can attach,
invade, and translocate across normal human epithelial cells
(13, 22, 30) with different invasion routes (36). Using an infec-
tion system based on previously reported assays (5, 28), we
compared the level and pattern of cellular association, inva-
sion, and cytokine response of a respiratory B. multivorans
clinical strain from a CGD patient to those of an environmen-
tal strain. We found remarkably high cell association and in-
vasiveness of clinical isolate CGD1 in normal monocytes (Fig.
1). We also analyzed B. multivorans interactions with primary
cells from CGD patients and healthy controls. Both strains
showed similar cytokine induction on normal leukocytes (Fig.
2 and 5). There was no correlation between the levels of bac-
terium-cell association and cytokine induction. The latter sug-
gests that the interaction of B. multivorans with the leukocyte
surface (or a diffusible factor) mediates cell activation, and that
bacterial uptake is not required for that induction, as described
previously for another Burkholderia species (42).

CGD patients frequently suffer inflammatory complications,
spurring a search for cellular correlates. CGD PBMCs have
been reported to display a hyperinflammatory phenotype (7,
23) with increased TNF-a and IL-6 in response to Toll-like
receptor agonists (7). In contrast, Hartl et al. showed lower
levels of several Toll-like receptors on CGD neutrophils, re-
sulting in decreased neutrophil activation (18). We observed a
trend toward higher cytokine levels with CGD PBMCs; how-
ever, the difference from results for normal controls was not
significant (P > 0.05) (Fig. 5).

Remarkably, we found significantly more association of B.
multivorans with PBMCs and neutrophils of CGD patients
than with normal controls (Fig. 3A and C). These microscopic
observations were confirmed by CFU experiments showing
~10 times more bacteria associated with CGD cells than with
normal controls (Fig. 3B). Although the numbers of bacteria
deduced from cell association experiments (Fig. 3A) do not
equate with those obtained by CFU experiments (Fig. 3B), as
they derive from very different techniques, they both show a
similar pattern for each strain.

An aggregated pattern of infection of Envl, which is appar-
ent in Fig. 1D and was described previously for this strain (13,
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FIG. 3. Cell association of bacteria with normal and CGD leukocytes. Shown are the associations of five B. multivorans strains with normal and
CGD PBMC:s (A) and neutrophils (C) and CFU of B. multivorans associated with normal or CGD PBMC:s (B). Cell monolayers on coverslips were
exposed to bacteria for 2 h (MOI = 4). Coverslips were washed extensively and either stained with Giemsa reagent (A and C) or treated with Triton
X-100 and serially diluted with HBSS for microbial cultures (B). Stained coverslips were examined at a X400 and X 1,000 magnification under light
microscopy to determine the percentage of cells with associated bacteria. Quantitative microbial cultures were performed on TSA with 5% sheep

blood plates.

22, 30), may account for the CFU values observed for cell-
associated Envl (similarly to CGD1 in Fig. 3B) despite signif-
icant differences in the percentage of infected cells by both
strains, as seen microscopically (Fig. 1A and 3A and C). Nev-
ertheless, both microscopy and CFU experiments confirmed a

preferential interaction of B. multivorans with CGD cells. We
believe this difference has a net effect on the outcome of the
infection, as we saw no differences in the viability of the two
strains in the presence of cells (not shown).

To verify the specificity of this bacterial cell interaction, we
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FIG. 4. Cell association of S. marcescens and E. coli with normal
and CGD PBMCs. Cell monolayers on coverslips were exposed to
bacteria for 2 h (MOI = 4). Coverslips were washed extensively, fixed
with methanol and stained with Giemsa reagent, and then examined at
X400 and X1,000 magnifications under light microscopy to determine
the percentage of cells with associated bacteria.

showed that another CGD pathogen, Serratia marcescens, but
not the related nonpathogenic Escherichia coli, bound prefer-
entially to CGD PBMCs (Fig. 4). Similarly, the preferential
adherence and ingestion of another typical CGD pathogen, S.
aureus, was reported in neutrophils and monocytes of CGD
patients (2, 19). These host- and pathogen-specific differences
in physical interactions that presumably occur at the initial
encounter of cells and bacteria likely reflect an important as-
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FIG. 5. TNF-a (A) and IL-6 (B) production by normal and CGD
human PBMCs infected with B. multivorans strains. Culture superna-
tants from PBMCs exposed for 2 h to different strains (MOI = 4) were
recovered and assayed through a multiplex bead-based assay (Bio-Rad
Laboratories). NS, nonstimulated cells. Cytokines are expressed in
picograms/milliliter. These results were averaged from 10 independent
experiments. P > (.05 for each pair of normal and CGD cells.
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FIG. 6. Kaplan-Meier survival curves of p47°"*~/~ mice after in-
traperitoneal (i.p.) challenge with 4 X 10° CFU of B. multivorans (A).
Strain CGD1 or Envl was inoculated into groups of six to eight ani-
mals. To assess in vivo bacterial loads (B) and serum levels of IL-18
(C), strain CGD1 or Envl was inoculated in p47°"**~/~ mice as de-
scribed for the survival experiments. Three days postinoculation, blood
samples were obtained by tail bleeding right before mice were sacri-
ficed, and spleens were collected and processed for CFU analyses.
These data summarize three independent experiments (P = 0.0008,
0.0169, and 0.0281 for A, B, and C, respectively).

pect of the remarkable selectivity of pathogens that infect
CGD patients. The reported abnormal expression of several
cellular receptors and neutrophils extracellular traps in CGD
neutrophils (14, 18, 23) may be related to some of our findings.

In vivo studies showed a longer persistence of B. multivorans
compared to that of B. cenocepacia in murine models of lung
infection (9). On the other hand, mouse models of CGD allow
the direct study of Bec virulence in a target disease (20, 31).
The Bcc is thought to be virulent in CGD due to its apparent
intrinsic resistance to nonoxidative killing (37, 40); wild-type
mice are known to be resistant to the Bee (12, 20, 26). We
compared the in vivo virulence of a clinical isolate (CGD1) to
that of an environmental strain (Envl) in a mouse model of
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CGD following the in vitro assessment of cell association and
cytokine induction characteristics using human cells.

Upon intraperitoneal inoculation into autosomal-recessive
CGD mice (p47P"°*~/7), the clinical isolate was highly virulent
while the environmental isolate was not (Fig. 6A). Under sim-
ilar conditions, Segal et al. inoculated p47P"**~/~ mice with a
CGD strain of the Bcee (later identified as B. cenocepacia) and
showed lethality similar to what we observed with our clinical
isolate (37). More recently, Sousa et al. used the intratracheal
administration of a lower dose of bacteria (10> CFU) in a
different CGD mouse model (X-linked CGD, gp91Phox~/~
mice) to compare different Bec strains. Interestingly, while
they observed 100% mortality with several isolates of B. cepa-
cia and B. cenocepacia, the only B. multivorans strain they
tested was avirulent (39). Even though Sousa et al. evaluated
virulence of the Bcc in a mouse model of CGD, all of the
strains that they tested were isolated from CF rather than
CGD patients. In addition, these authors did not study the
cellular interactions of the Bec with cells from CGD patients.

Bcc variations in virulence are reflected by in vitro and in
vivo qualitative and quantitative differences in bacterium-cell
association, cytokine induction, and infection in susceptible
mice. Despite the dissemination of both strains in our mouse
model (Fig. 6B), the CGD clinical strain achieved much higher
bacterial loads in spleen than the environmental strain at 2.5
days postinoculation (Fig. 6B), before animals were expected
to start showing signs of distress or death (which can occur as
early as day 3 postinoculation) (Fig. 6A). Mice inoculated with
strain CGD1 also showed higher serum levels of the proin-
flammatory cytokine IL-1p than those inoculated with Env1 at
2.5 days postinoculation (Fig. 6C), which correlates with the
observed differences in tissue bacterial load (Fig. 6B) and pre-
sumably with the induced tissue injury (27). Although Envl is
avirulent in CGD mice, we recognize that we cannot know if it
would be virulent for CGD patients. The striking difference in
virulence in CGD mice could be due to the presence of specific
virulence factors in the CGD strain or to the presence of
specific antivirulence factors in the environmental isolate.

Bcc virulence is complex and clearly involves both bacteria
and host. The early preferential interactions of the CGD
pathogens Burkholderia multivorans and Serratia marcescens
with CGD leukocytes suggest that host susceptibility to specific
bacteria in CGD begins at first sight.
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