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Cystic fibrosis patients infected with strains from different genomovars of the Burkholderia cepacia complex
can experience diverse clinical outcomes. To identify genomovar-specific determinants that might be respon-
sible for these differences, we developed a pulmonary model of infection in BALB/c mice. Mice were rendered
leukopenic by administration of cyclophosphamide prior to intranasal challenge with 1.6 x 10* bacteria. Five
of six genomovar II strains persisted at stable numbers in the lungs until day 16 with minimal toxicity, whereas
zero of seven genomovar III strains persisted but resulted in variable toxicity. We have developed a chronic
pulmonary model of B. cepacia infection which reveals differences among genomovars in terms of clinical

infection outcome.

Originally described as the cause of soft rot in damaged
onion bulbs (2), Burkholderia cepacia has since been identified
as a uniquely problematic opportunistic pathogen in patients
with cystic fibrosis (CF) (15, 17, 33). B. cepacia is an extremely
diverse class of bacteria, and the taxonomy has evolved to
accommodate the enhanced understanding of the new genus
within which it has been placed (34). At least nine novospecies,
termed genomovars, now comprise the B. cepacia complex
(BCC) (P. Vandamme, D. Henry, T. Coenye, S. Laevens, J. J.
LiPuma, D. P. Speert, J. R. W. Govan, and E. Mahenthiral-
ingam, Sixth Meet. Int. B. cepacia Working Group, abstr. 26, p.
18, 2001).

CF is the most common potentially lethal autosomal reces-
sive disease in North America, affecting approximately 1 in
2,000 live births among Caucasians. CF patients are extremely
susceptible to chronic bacterial pulmonary infections, with a
characteristic spectrum of pathogens (9). The majority of
chronic CF infections are caused by Pseudomonas aeruginosa;
however, infection with B. cepacia is also of considerable con-
cern (9). Infection with BCC is associated with a worse prog-
nosis than infection with P. aeruginosa (13). Some strains of
BCC are associated with aggressive pneumonia accompanied
by bacteremia that is rapidly fatal, in contrast to the generally
slowly progressive and noninvasive nature of P. aeruginosa
infections (10). Moreover, differential pathogenicity among
strains within the complex has been observed in CF patients.
Approximately 80% of BCC clinical isolates from Canada are
from genomovar III; the most highly transmissible strains also
belong to this genomovar, which is also associated with a
higher mortality rate than other members of the complex (30).
In Canada, Burkholderia multivorans appears to be nontrans-
missible (except between siblings) and is associated with a
relatively benign clinical outcome (30). Although many studies
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have endeavored to elucidate BCC virulence factors, the basis
of this differential pathogenicity among genomovars is un-
known.

To better understand the interactions between BCC bacteria
and the host, an animal model was required that would sustain
a persistent infection and facilitate exploration of the host
defenses against this group of organisms. This paper describes
a murine model of sustained pulmonary infection that demon-
strates differences among the genomovars.

The bacterial strains used in this study are listed in Table 1.
They were stored at —70°C in Mueller-Hinton broth with 8.0%
dimethyl sulfoxide. All strains were subcultured on blood agar
plates (PML Microbiologicals, Richmond, Canada), and viable
counts were enumerated on tryptic soy agar (TSA) plates (Bec-
ton Dickinson, Cockeysville, Md.). Animal studies were ap-
proved by the University of British Columbia Animal Care
Committee (UBC-ACC A98-0130). BALB/c mice were pur-
chased from Charles River Laboratories (St. Constant, Que-
bec, Canada). Females aged 6 to 8 weeks were used in each
experiment. The general health of animals was assessed daily
on a three-point system based upon weight, food and water
consumption, and general appearance. Animals were deter-
mined to be unwell when two of the three following observa-
tions were made: >10% weight loss, <3 g of water or food
consumption daily, or general ill appearance (ruffled coats,
huddled position, lack of retreat in handler’s presence). For
immunosuppression, mice were anesthetized with gaseous me-
thoxyflurane (Janssen, Toronto, Canada). Cyclophosphamide
(CPA; 150 mg/kg of body weight; Bristol, Montreal, Canada)
was then administered intraperitoneally (i.p.). CPA injections
were given on days —1, 4, 9, and 14 of each experiment. On
days 0, 2, 4, and 16, mice were anesthetized i.p. with 65 mg of
sodium pentobarbitol/kg (MTC Pharmaceuticals, Cambridge,
Canada) and exsanguinated by cardiac puncture. Total periph-
eral leukocyte counts were determined on a Sysmex Toa 9500
hematology system; differential counts were determined micro-
scopically from Giemsa-stained blood smears.

Bacterial cultures were grown in Luria-Bertani broth for
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TABLE 1. BCC strains used in this study

Strain Strain type” Source, location” BCESM* cblA? Status at day 16 in vivo

B. multivorans (genomovar II)

C5393 03 CF, Canada - — Persistent

C3430 07 CF, Canada - — Cleared

C1576 10 CF-e, UK - — Persistent

C5274 12 CF, Canada - — Persistent

FC147 12 CGD, USA - — Persistent

C5568 19 CF, Canada - — Persistent
B. cepacia (genomovar III)

C1257 01 CF-e, USA + — Cleared

C5424 02 CF-¢, Canada + + Cleared

K56-2 02 CF-e, Canada + + Cleared

C6433 04 CF-¢, Canada + - Cleared

Cep511 05 CF-e, Australia + - Cleared

C4455 06 CF-¢, Canada + - Cleared

C1394 13 CF-e, UK + — Cleared
B. stabilis (genomovar 1V)

C7322 16 CF, Canada - — Cleared
B. vietnamiensis (genomovar V)

FC811 08 CF, USA - — Persistent
B. cepacia (genomovar VI)

Cep873 10 CF, Canada - - Persistent

“ Strain type is the numerical randomly amplified polymorphic DNA type assigned previously to this fingerprint pattern (19).
b CF, strain from a CF patient; CF-e, strain that has spread epidemically among patients with CF; CGD, infection of a chronic granulomatous disease patient; UK,

United Kingdom; USA, United States.
¢ BCESM, presence of B. cepacia epidemic strain marker (19).
@ ¢b1A, presence of cable pilus subunit gene (19).

16 h; cells were harvested by centrifugation (10 min at 30,000
X g) and resuspended in Hanks balanced salt solution with 1%
(volfvol) gelatin (gHBSS). Bacteria were then diluted in
gHBSS to 4 X 10° CFU/ml. Mice were challenged intranasally
with a dose of 1.6 X 10* CFU in a 40-pL volume as follows:
mice were anesthetized with 60 mg of ketamine hydrochlo-
ride/kg (MTC Pharmaceuticals) administered i.p., and the in-
fectious dose was given by placing drops on alternate nares. At
preselected time points after infection, mice were killed by
cervical dislocation. Lungs were excised and weighed, homog-
enized, diluted in gHBSS, and plated onto TSA plates. Viable
bacterial counts were determined after 24 to 48 h of incubation
at 37°C.

Table 1 lists the 16 BCC strains initially evaluated for infec-
tion kinetics in the mouse model. In five of the six B. mul-
tivorans strains tested (C1576, C5274, C5393, C5568, and
FC147), immunocompromised mice sustained the infection in
the lungs to day 16, whereas healthy cohorts infected with the
same organisms cleared the infection by day 16. In contrast,
none of the B. cepacia genomovar 111 strains persisted in either
immunocompromised or healthy mice to day 16. Moreover,
five of seven genomovar III strains (C1394, C4455, C5424,
C6433, and Cep511) were cleared by day 4 of the infection.
Genomovar III strains also caused a greater degree of illness in
infected animals than did B. multivorans (Fig. 1). While per-
sistent B. multivorans infections caused systemic illness in im-
munocompromised mice only after several administrations of
CPA, genomovar III infections caused a greater degree of
systemic illness in a larger number of CPA-treated animals
immediately after bacterial challenge. However, the degree of

systemic illness experienced by mice infected with genomovar
IIT strains after day 4 was highly variable. The Burkholderia
stabilis strain (C7322) was cleared by day 16 in both groups.
Immunocompromised mice infected with either Burkholderia
vietnamiensis (FC811) or genomovar VI (Cep873) had slight
increases in pulmonary bacterial load by days 10 and 14 that
were above the initial dose delivered. In light of these obser-
vations and, particularly, the apparent differential virulence
between B. multivorans and genomovar III strains within the
model, further studies were conducted with five strains: B.
multivorans C1576 and C5568, genomovar III strains C1394
and C6433, and B. vietnamiensis FC811.

Figure 2 displays the kinetics of infection with five BCC
strains in both healthy and immunocompromised mice. Ani-
mals were injected i.p. with either sterile phosphate-buffered
saline (PBS) or CPA (150 mg/kg) prior to and every fifth day
during the course of infection. Mice were then challenged with
~1.6 X 10* CFU intranasally. Viable counts were obtained
from diluted lung homogenates on days 0, 4, and 16 of the
infection. Immunocompromised mice infected with either of
the two B. multivorans strains (C1576 and C5568) or B. viet-
namiensis strain FC811 sustained pulmonary bacterial loads at
high titers for up to 16 days. Healthy control mice infected with
strains C1576 and C5568 demonstrated slow clearance of the
infection from their lungs, while healthy controls infected with
strain FC811 displayed rapid clearance. In contrast, both geno-
movar III strains (C1394 and C6433) were cleared by day 4
from healthy and immunocompromised animals. CPA treat-
ment therefore impeded pulmonary clearance of the B. mul-
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FIG. 1. Effect of CPA treatment and bacterial infection on animal health over time. PBS-treated and CPA-treated mice were challenged with
~1.6 X 10* B. cepacia genomovar 111 strain C6433 or B. multivorans strain C1576. Animals were monitored daily for the duration of the experiment
and assessed on a three-point system for ill health. Unhealthy animals (light bars) and healthy animals (dark bars) are shown for each day. The
total number of animals studied decreased over time as animals were removed for analysis. Asterisks denote days on which animals were
euthanatized due to extreme systemic illness. Arrows denote administration of either CPA or PBS.

tivorans and B. vietnamiensis strains but not the genomovar III
strains.

The efficacy of CPA as an inducer of leukopenia was also
evaluated. Animals were monitored daily for general health,
and signs of illness were recorded. Figure 3 demonstrates that
CPA treatment prior to intranasal introduction of a gHBSS
bolus caused minimal systemic illness in BALB/c mice. Sys-
temic ill health was only observed 1 day after the third and
fourth CPA injections, and animals appeared to recover from
this state of ill health within 24 h. These observations suggest
that CPA treatment alone rendered BALB/c mice mildly ill,
but recovery was swift. Total peripheral leukocyte counts were
measured in the CPA-treated and PBS-treated mice on days 0,
2, 4, and 16. CPA effected a minimal decrease in the total
peripheral leukocyte count; none of the measured counts was
significantly different from the control except at day 16 (3,823
+ 620 cells/mm? in PBS-treated controls, compared to 1,255 *
134 cellsymm?® in CPA-treated mice; P = 0.02). Differential
counts of blood smears demonstrated that CPA elicited mild
panleukopenia rather than neutropenia: mononuclear and
polymorphonuclear populations in the peripheral blood were
equally decreased by drug administration, and the percentages
of each group in the peripheral blood did not change (data not
shown).

The BCC is an important and diverse group of opportunistic
pathogens demonstrating differential virulence among geno-

movars, but the relationship between bacterium and host is
poorly understood. The purpose of these studies was to de-
velop a physiologically relevant animal model that would per-
mit investigation of bacterial virulence determinants or host
responses resulting in the persistent infections that are char-
acteristic of B. cepacia colonization of immunocompromised
individuals. Several animal models have already been adapted
to, and developed for, the study of B. cepacia infection. Mul-
tiple mouse models of CF have been described (7), two of
which have been extensively examined in the context of lung
disease during B. cepacia infection (8, 24). Wild-type mouse
models have also been used in which agar beads were em-
ployed to enhance persistence of the bacterial inoculum (28).
These different model systems have been used to characterize
infection with clinical BCC strains and to evaluate possible
virulence factors (3, 5, 12, 14, 16, 20-23, 25, 26, 28). Previous
models utilized high and/or repetitive inocula to establish sus-
tained or acute infections (8, 24, 28). However, none of the
models yielded chronic infection of 2 weeks duration after a
single low dose, as is reported herein. While previously re-
ported models have proven useful for studying acute infection
with B. cepacia in the lung, they do not serve the goal of our
studies, which is to clarify the mechanisms of genomovar-spe-
cific differences in a chronic lung infection.

We evaluated several candidate model systems in an effort to
create a suitable infection scenario; these included the use of
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FIG. 2. Effect of CPA treatment on pulmonary bacterial load after infection with five BCC strains. CPA-treated (closed symbols) and
PBS-treated (open symbols) BALB/c mice were intranasally challenged with ~1.6 X 10* CFU. Quantitative bacteriology of the lung was assessed
at 0 (3 h), 4, and 16 days. Values for the C1394-infected CPA group were identical to those for the PBS-treated group. Data are the mean and

standard error of the mean from six animals at each time point.

neutrophil elastase to alter local host defenses, encapsulation
of bacteria in agar beads, and infection via intubation and
intratracheal instillation (5). None of these strategies resulted
in chronic infection (data not shown), and so we adopted a
system of pulmonary infection following intranasal instillation
in CPA-immunocompromised BALB/c mice, similar to that
described by Cryz et al. (6). Administration of CPA resulted in
mild leukopenia in our studies, rather than acute neutropenia
as previously reported (1, 4, 11, 27). A relatively low bacterial
challenge dose was chosen in the interest of mimicking a phys-
iologically relevant level of exposure. The noninvasive, mildly
immunosuppressive nature of the model allowed sustained in-
fection without causing extreme ill health in the animals. In-
fection dynamics were also highly reproducible in this model,
enabling us to discern differences between genomovars II and
III during chronic infection.

A panel representing five genomovars, with heavy represen-
tation of clinically relevant B. multivorans and genomovar III
strains, was examined in an effort to establish genomovar-
specific differences which may elucidate factors controlling the
disparate clinical outcomes associated with B. multivorans ver-

sus genomovar III infection. While genomovar III strains are
popular CF prototypes, their overrepresentation in mouse
studies may be misleading, since mice readily clear these
strains (8, 24, 28). Furthermore, B. multivorans, genomovar IV,
and B. vietnamiensis strains have also been regularly isolated
from CF patients (30). Indeed, we showed B. multivorans per-
sistence in the mouse, albeit in a benign fashion. This persis-
tence mimics infection in the CF lung, in which prolonged
carriage of BCC strains occurs in most BCC-infected CF pa-
tients and only about 20% of patients experience septicemia
and fulminant pulmonary decompensation (the cepacia syn-
drome) (10).

This model was initially developed with B. multivorans strain
C1576 because previous studies in an i.p. infection model
showed that B. multivorans is able to establish splenic persis-
tence, while strains representing other genomovars are often
cleared (31). The observation that B. multivorans strains from
the panel persisted while genomovar III strains were rapidly
cleared not only demonstrated similar kinetics to the i.p. model
but also showed a clear difference between B. multivorans and
genomovar III. The more effective clearance of genomovar III
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in our model may be viewed as contrary to the pattern of
disease seen in CF in Canada, where the majority of aggressive
pathogens come from this genomovar. However, both geno-
movars persist in the human disease and any differences seen
in their clearance from the murine lung may be due to host
response. Genomovar III infections were cleared more rapidly
than those with B. multivorans, but clearance was accompanied
by a variable degree of systemic illness in the mice, whereas B.
multivorans infections caused minimal systemic illness. We
speculate that genomovar III strains provoked higher levels of
toxicity, thereby inducing a more effective immune response
and clearance. These effects may be more evident with a higher
challenge dose in studies currently under development.

We report that this model is able to support persistent in-
fections in the lung in a physiologically relevant, noninvasive
manner and shows differential persistence among the genomo-
vars. We believe this system has the potential to yield valuable
insights into host responses to BCC infections and the basis of
the differential virulence among genomovars.
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