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Brucella canis Is an Intracellular Pathogen That Induces a Lower
Proinflammatory Response than Smooth Zoonotic Counterparts
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Canine brucellosis caused by Brucella canis is a disease of dogs and a zoonotic risk. B. canis harbors most of the virulence deter-
minants defined for the genus, but its pathogenic strategy remains unclear since it has not been demonstrated that this natural
rough bacterium is an intracellular pathogen. Studies of B. canis outbreaks in kennel facilities indicated that infected dogs dis-
playing clinical signs did not present hematological alterations. A virulent B. canis strain isolated from those outbreaks readily
replicated in different organs of mice for a protracted period. However, the levels of tumor necrosis factor alpha, interleukin-6
(IL-6), and IL-12 in serum were close to background levels. Furthermore, B. canis induced lower levels of gamma interferon, less
inflammation of the spleen, and a reduced number of granulomas in the liver in mice than did B. abortus. When the interaction
of B. canis with cells was studied ex vivo, two patterns were observed, a predominant scattered cell-associated pattern of nonvia-

ble bacteria and an infrequent intracellular replicative pattern of viable bacteria in a perinuclear location. The second pattern,
responsible for the increase in intracellular multiplication, was dependent on the type IV secretion system VirB and was seen
only if the inoculum used for cell infections was in early exponential phase. Intracellular replicative B. canis followed an intra-
cellular trafficking route undistinguishable from that of B. abortus. Although B. canis induces a lower proinflammatory re-
sponse and has a stealthier replication cycle, it still displays the pathogenic properties of the genus and the ability to persist in

infected organs based on the ability to multiply intracellularly.

rucellosis is a disease of animals and humans caused by mem-

bers of the genus Brucella. Zoonotic species such as Brucella
melitensis, Brucella abortus, and Brucella suis are facultative extra-
cellular-intracellular stealthy pathogens that are able to overcome
innate immunity at early times of infection (1-3) and at specific
stages of adaptive immunity (4, 5). In addition to influencing the
immune response, these Brucella species are able to circumvent
the killing action of professional and nonprofessional phagocytes,
transit within phagocytic vacuoles, and replicate extensively within
the endoplasmic reticulum of cells (6). These properties allow the
bacterium to spread throughout the reticuloendothelial system
and promote chronic infection (3).

There are other Brucella species that are also relevant patho-
gens; however, their infective strategies remain unclear and are
not in tune with the solid results accepted for the previously men-
tioned zoonotic brucellae. Among these are Brucella canis, the
etiological agent of brucellosis in dogs and a zoonotic pathogen
(7). This pathogen induces a subclinical infection that may remain
undiagnosed for protracted periods (8—10). B. canis invades the
conjunctiva or the oronasal system or penetrates through the ve-
nereal route. Then it is distributed to different organs of the re-
ticuloendothelial system (11). The main clinical consequence of
canine brucellosis is abortion in females and epididymitis and
prostatitis in male dogs (12, 13). In stud males and bitches, the
disease also causes sterility, a factor that causes significant eco-
nomic losses in commercial kennels. B. canis is transmitted
through contaminated aborted fetuses, milk, urine, vaginal secre-
tions, and semen.

B. canis is highly specific to dogs and has not been observed in
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other animals. Nevertheless, the bacterium has the ability to infect
humans. Because of the low number of reported human cases, it
has been proposed that the bacteria are less infective for humans
than are the classical species B. melitensis, B. abortus, and B. suis
(3). However, this may be a misconception. In the last decade,
there has been a rise in the detection of human infections due to B.
canis (8, 9). This is due to awareness of the disease in areas where
it is endemic and improved diagnoses, as well as increased preva-
lence of the bacterium in kennel facilities and roaming dogs (10,
14, 15). Therefore, it may be that B. canis displays an infectivity
similar to that of the other zoonotic brucellae but has the potential
to produce no symptoms for prolonged periods (16, 17) by using
a stealth strategy.

Histological examination of a dog’s infected placenta has sug-
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gested that B. canis replicates intracellularly (18). In addition,
large numbers of B. canis bacteria attach to the cell surface; how-
ever, studies of cells have failed to demonstrate unambiguously
that this bacterium actually replicates intracellularly (19-25). This
is significant, since B. canis harbors most of the virulence determi-
nants defined for the genus, and the genome of this bacterium is
98 to 99% identical to the genomes of other virulent Brucella spe-
cies. Noticeable differences in relation to other zoonotic Brucella
species are the structure and biological characteristics of the B.
canis cell envelope (21-29), features that may influence its virulent
behavior.

On the basis of clinical features of natural canine infections, as
well as murine experimental brucellosis and ex vivo culture mod-
els, we propose that B. canis uses a stealthier infective strategy than
other virulent brucellae. This investigation contributes to the dis-
section of the pathogenic strategies used by the species of the ge-
nus Brucella and the understanding of their relative virulence and
host specificity.

MATERIALS AND METHODS

Ethics statement. Dogs were voluntary taken by their owners to the Vet-
erinary Hospital of the Veterinary School of the National University of
Costa Rica for diagnosis. The owners of the dogs signed a written consent
form and were carefully informed regarding all of the medical and diag-
nostic procedures and informed of the results. Protocols for the use of
samples were revised and approved by the Comité Institucional para el
Cuido y Uso de los Animales of the Universidad Nacional de Costa Rica
(approval SIA 0434-14) and were in agreement with the corresponding
law, Ley de Bienestar de los Animales, of Costa Rica (law 7451 on animal
welfare).

Protocols for experimentation with mice were revised and approved
by the Comité Institucional para el Cuido y Uso de los Animales of the
Universidad de Costa Rica (CICUA-47-12) and were in agreement with
the corresponding law, Ley de Bienestar de los Animales, of Costa Rica
(law 7451 on animal welfare). Mice were housed in the animal building of
the Veterinary School, Universidad Nacional, Costa Rica. All of the ani-
mals were kept in cages with water and food ad libitum under biosafety
containment conditions previous to and during the experiment.

Hematological, serological, and clinical chemistry analyses of blood
samples. Several cases of epididymitis and abortions were detected in a
small number of commercial kennels of golden/Labrador retriever and
Pomeranian dogs in Heredia, Costa Rica, between October 2009 and Feb-
ruary 2013. Blood and serum samples were recovered from the affected
dogs. Hematological, serological, and clinical chemistry tests were per-
formed as described elsewhere (30).

Bacterial strains and constructs. Seventeen isolates of Gram-negative
bacteria compatible with B. canis were isolated from seminal fluid of stud
males, from vaginal swabs of bitches, or from aborted fetuses between
2009 and 2013. The bacterial strains were characterized as B. canis by
bacteriological analysis (3), molecular Bruce-ladder multiplex PCR assay,
and multiplex single nucleotide polymorphism (SNP) detection as re-
ported previously (31, 32). One representative B. canis strain named
bcanCR12 (here B. canis) isolated from a vaginal swab of a Pomeranian
bitch after abortion was chosen for biological studies. The results of bac-
teriological analysis (33), Bruce-ladder multiplex PCR assay (31), multi-
plex SNP detection (32), and multilocus variable-number tandem-repeat
analysis based on 16 loci (MLVA16) (34) were consistent with the B. canis
genotype.

Brucella strains were grown and maintained as described previously
(1). Strains were stored at —80°C in 20% glycerol brain heart infusion.
Bacteria were routinely grown in standard tryptic soy broth (TSB) either
plain or supplemented with 100 pwg/ml ampicillin or 50 pg/ml kanamycin
(Km).

Plasmid and chromosomal DNA samples were extracted with the
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QIAprep spin Miniprep and DNeasy blood and tissue kit (Qiagen GmbH,
Hilden, Germany). DNA was purified from agarose gels with the
QIAquick gel extraction kit (Qiagen GmbH, Hilden, Germany). Primers
were synthetized by Life Technologies Inc. DNA sequencing of fragments
was done by Macrogen Inc. (Seoul, Republic of Korea).

A B. canis virB10 mutant (AvirB10) was constructed as reported else-
where (35). Briefly, an in-frame deletion was generated by PCR overlap
with genomic DNA of B. canis as the template. Primers were designed by
using the available sequence corresponding to reference strain B. canis
ATCC 23365. The primers used to generate fragment 1 were virB10-F1
(5'-GACAAGTCGGAAAGCATCGT-3") and virB10-R2 (5'-TGAAGCC
CACGACAAAGAGAAA-3"). Those used to generate fragment 2 were
virB10-F3 (5'-TTTCTCTTTGTCGTGGGCTTCAGCTATGCAACCCA
GAAGGTC-3") and virB10-R4 (5'-CTCGCTCGCAGAACACTTC-3").
Both fragments were ligated by PCR overlap with nucleotides virB10-F1
and virB10-R4. The resulting deletion allele was cloned into plasmid
pCR2.1 (Life Technologies) and subcloned into the BamHI-Xbal site of
suicide plasmid pJQKm. Plasmid pJQKm, containing the deletion allele,
was introduced into B. canis by conjugation. Colonies corresponding to
the integration of the suicide vector into the chromosome were selected
with polymyxin B (PxB) and Km resistance; excision of the suicide plas-
mid led to the construction of the mutant by allelic exchange, and bacteria
were selected by PxB and sucrose resistance and Km sensitivity. The re-
sulting colonies were screened with primers virB10-F1 and virB10-R4.
Mutant colonies generated a 694-bp fragment, and the parental strain
generated a 1,522-bp fragment. The mutation generated resulted in the
loss of 71% of the virBI10 open reading frame.

B. canis harboring plasmid pBBR-2-GFP with resistance to Kan and
constitutively expressing green fluorescent protein (GFP) (B. canis-GFP)
was constructed and selected as reported before (36). The expression of
GFP was evaluated in bacterial cultures under UV illumination and by
fluorescence microscopy as described previously (36). B. canis containing
a plasmid coding for GFP under the control of the tetracycline-inducible
tetA promoter (B. canis-iGFP) was constructed through conjugation of
plasmid pJC45 as described elsewhere (37). With the exception of green
fluorescence, the B. canis-GFP and B. canis-iGFP strains kept the same in
vitro and ex vivo growth and bacteriological characteristics as the parental
strain (data not shown).

Virulence assays with mice. Female BALB/c mice (18 to 24 g) were
intraperitoneally (i.p.) inoculated with the indicated inoculum of either B.
canis bcanCR12 or the B. canis bcanCR12 AvirB10 mutant, and bacterial
counts in the spleen, inguinal lymph nodes, liver, and bone marrow were
determined at various times as described elsewhere (38, 39). In some
experiments, mice were i.p. infected with the indicated inoculum of B.
abortus 2308. Levels of infection were expressed as mean values and stan-
dard deviations SDs (n = 5) of the log number of CFU per organ at each
time point selected. For histopathological studies, organs from Brucella-
infected mice were fixed in 10% neutral buffered formalin, processed, and
stained with hematoxylin and eosin as described elsewhere (40).

Gentamicin protection assay. Cell infections for estimation of bacte-
rial invasion and replication were performed as described previously (41).
Briefly, HeLa cells or Raw 264.7 macrophages were grown to subconflu-
ence in 24-well tissue culture plates. The B. canis strains used for cell
infections were grown in 20 ml of TSB in glass flasks at 200 rpm as de-
scribed elsewhere. Flasks were inoculated with 5 X 10° bacteria (42). At
different time points on the growth curve, aliquots were used for cell
infection. Bacterial inocula taken out at 5, 8, and 12 h correspond to
exponential-phase conditions (a, b, and ¢, respectively), while inocula
taken out at 24 and 30 h correspond to stationary-phase conditions (d and
e, respectively) (see Fig. 5A). Alternatively, to induce low-aeration condi-
tions, B. canis strains were grown in 10 ml of TSB in 50-ml conical plastic
tubes at 120 rpm. The multiplicity of infection (MOI) used was adjusted
by diluting the bacteria in Eagle’s minimal essential medium. Cells were
infected with an MOI of either 100 CFU/Raw 264.7 macrophage or 500
CFU/HeLa cell. All of the inocula used to infect cells were serially diluted
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FIG 1 Hematological profiles of infected dogs. The blood cell counts of 17 B.
canis-infected dogs in a canine brucellosis outbreak in Costa Rica are shown.
The gray area demarcates the normal value range of each cell type. The dogs are
represented by circles numbered 1 to 17, with number 1 being the farthest to
the left in each panel.

and plated in parallel in tryptic soy agar (TSA) to confirm that they con-
tained the same amount of viable bacteria. Plates containing the infected
cells were centrifuged at 1,600 rpm at 4°C, incubated for 45 min at 37°C
under 5% CO,, and washed with phosphate-buffered saline. Extracellular
bacteria were eliminated by treatment with gentamicin at 100 pg/ml for 1
h, and cells were incubated for the times indicated in the presence of
gentamicin at 5 pg/ml. After incubation, cells were lysed by treatment
with 0.1% Triton X-100 for 10 min. Aliquots were serially diluted and
plated in TSA (Oxoid) and incubated at 37°C for 3 days for determination
of CFU counts.

Immunological assays. Cytokine quantitation in the plasma of Bru-
cella-infected mice was performed by enzyme-linked immunosorbent as-
say (eBioscience) according to the manufacturer’s instructions. For epi-
fluorescence and confocal microscopy, cells (5 X 10°) were grown on
12-mm glass slides and inoculated with B. canis strains as described above.
GFP expression in B. canis iGFP was induced by the addition of 200 nM
anhydrotetracycline (ATc; Sigma-Aldrich) prior to immunofluorescence
staining as previously described (37). The antibodies used to localize dif-
ferent intracellular compartments were LAMP1 mouse monoclonal anti-
body H4A3 (Abcam) and rabbit anti-calnexin polyclonal antibody
ab75801 (Abcam). Mouse polyclonal antibodies to B. canis were used to
detect extracellular Brucella as reported elsewhere (43). An Alexa Fluor
488-conjugated goat anti-mouse antibody and an Alexa Fluor 594-conju-
gated anti-mouse antibody (Life Technologies) were used as developing
antibodies. Confocal analysis was performed with an Olympus U-TB190
(100X) under oil immersion. Confocal images of 1,024 by 1,024 pixels
were acquired with the FV10-AV ver.03.01 software (Olympus) and as-
sembled with Adobe Photoshop CS3 (Adobe Systems, San Jose, CA).

RESULTS

B. canis-infected dogs fail to show signs of sepsis or clinical or
hematological alterations. In the course of our clinical studies of
infected dogs from which B. canis was isolated, we did not detect
proinflammatory signs that are characteristic of other bacterial
sepsis. Although significant quantities of antibodies against Bru-
cella proteins were detected in the sera of 17 infected dogs, the
biochemical parameters, including protein concentration, coagu-
lation time, C-reactive protein, and liver and renal functions were
within the normal ranges in all of the dogs. Likewise, the blood
profiles of the 17 dogs from which B. canis strains were isolated
were mostly normal, with a few exceptions (Fig. 1). One dog
showed mild leukocytosis, while three dogs demonstrated mild
neutropenia, probably as a result of lymphocytosis (dogs 7, 11,
and 12); 8 of the 17 dogs showed mild lymphocytosis. At the time
of sampling, none of the animals had signs of fatigue, displayed an
abnormal temperature, or lost weight. These results are consistent
with the stealth strategy used by Brucella organisms to evade the
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FIG 2 B. canis persists and replicates within cells of the reticuloendothelial
system. Groups of 30 mice were inoculated i.p. with 10’ CFU of B. canis-GFP
or B. canis AvirB10-GFP. Groups of five mice were killed at the times indicated
to determine the CFU counts in the spleen (A), liver (B), lymph nodes (C), and
bone marrow (D). Cells from a spleen infected with B. canis-GFP for 21 days
were visualized by epifluorescence (inset in panel A). Note the large amounts
of B. canis-GFP within phagocytic cells. AvirB10-GFP was not observed within
resident cells of the spleen. Error bars represent SDs. Data are representative of
at least three independent experiments. Statistical significance was calculated
by Student ¢ test. *, P < 0.01.

innate immune response and in agreement with the absence of
endotoxemia symptoms in Brucella infections (1). Following this,
we decided to explore the outcome of B. canis infection in the
mouse model and in cells.

B. canis persists and replicates in the reticuloendothelial sys-
tem of mice, inducing low proinflammatory responses. First, we
determined the virulence of the B. canis strain in groups of five
mice inoculated i.p. with 10" CFU of B. canis-GFP. As expected,
the spleen replication curve profile achieved by B. canis-GFP was
consistent with previous reports (44) (Fig. 2A). Since very little is
known regarding organ colonization by B. canis, we decided to
study the presence of this bacterium in the liver, lymph nodes, and
bone marrow (Fig. 2B to D). The replication of B. canis in the
target organs was somewhat lower than that attained by smooth
brucellae and followed a different time course, with a maximal
load reached at 3 weeks instead of 1 week (45). However, bacterial
loads were maintained and persisted for a protracted period of
time in all of the organs tested (Fig. 2). Moreover, the B. canis CFU
counts in bone marrow increased steadily, coinciding with the
persistence and chronicity of the infection (Fig. 2D). Examination
of spleen cells from infected mice by immunofluorescence re-
vealed the presence of B. canis inside phagocytes, demonstrating
the intracellular replication of this bacterium in vivo (Fig. 2A,
inset). In agreement with a previous report (44), the B. canis
virB10 mutant was already rapidly eliminated from all organs at 6
weeks postinfection (p.i.) and was not recovered from bone mar-
row or observed inside phagocytic cells (Fig. 2).

Although B. canis readily replicates inside phagocytic cells of
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FIG 3 B. canis induces a lower proinflammatory response than B. abortus.
Groups of 30 mice were inoculated i.p. with 107 CFU of B. canis-GFP or 10°
CFU of B. abortus 2308. Groups of five mice were killed at various times to
determine the spleen weight during 12 weeks of infection (A) and bacterial
loads at 14 and 33 days p.i. (B). (C) Histological examination of the liver at 2
weeks p.i. with B. canis or B. abortus. Note that although the B. canis and B.
abortusloads are similar (not statistically significantly different) at 2 weeks p.1.,
the granulomas (indicated by arrows) are more prominent in the B. abortus-
infected liver than in the B. canis-infected liver. Error bars represent SDs. Data
are representative of at least three independent experiments. In panel A, all of
the values after 20 days are statistically significantly different (P < 0.001).

the spleen, the bacterium barely induced swelling of this organ
(Fig. 3A), in contrast to the splenomegaly induced by the same
bacterial load of B. abortus (Fig. 3B). Histological examination of
the liver demonstrated that the number of granulomas induced by
B. canis infection was considerably lower than that observed in
mice infected with B. abortus (Fig. 3C). Likewise, histological ex-
amination of the spleens of B. canis-infected mice also revealed a
general milder cellular inflammation than that induced by viru-
lent B. abortus (data not shown). In general, the tumor necrosis
factor alpha (TNF-a), interleukin-6 (IL-6), and IL-12 cytokine
levels of mice infected with B. canis after 2 and 3 weeks were low
and resembled those induced by B. abortus (Fig. 4). An important
difference was the level of gamma interferon (IFN-vy), which was
rather low in B. canis infections, mainly at 2 weeks p.i. (Fig. 4).
This is relevant since IFN-y has been described as the central cy-
tokine during establishment of the adaptive immune response in
brucellosis (46). These results demonstrate that B. canis induces a
lower proinflammatory response in mice than other zoonotic bru-
cellae do (45).

Growth phase state determines the ability of B. canis to
achieve intracellular replication. Previous works have failed to
demonstrate B. canis replication ex vivo in a variety of cell lines
(19-25). We hypothesized that the physiological state of the inoc-
ulum would have an impact on the ability of B. canis to achieve
intracellular replication. To test this hypothesis, we grew the bac-
teria for 22 h under two different conditions, (i) in 125-ml Erlen-
meyer flasks containing 20 ml of TSB at 200 rpm (high aeration)
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FIG 4 B. canisinduces a lower cytokine response than B. abortus. Groups of 10
mice were inoculated i.p. with 107 CFU of B. canis-GFP or 10° CFU of B.
abortus 2308. Groups of five mice were killed and bled after 2 and 3 weeks,
respectively, to determine serum cytokine levels. Note the small amount of
IFN-y induced after 2 weeks by B. canis infection in comparison to that in-
duced by B. abortus infection. The dashed lines represent the average back-
ground value (SD, <10%). Error bars represent SDs. Data are representative of
at least three independent experiments. Statistical significance was calculated
by Student ¢ test. **, P < 0.001.

and (ii) in 50-ml conical tubes containing 10 ml of TSB at 120 rpm
(low aeration). The inoculum grown under the high-aeration
conditions achieved a high bacterial density and was in late expo-
nential phase at the time of cell infection, whereas the inoculum
grown under low-aeration conditions achieved a low bacterial
density and was in early exponential phase (Fig. 5A). Both inocula
were used at the same MOI to infect cells, and their ability to
multiply intracellularly was monitored by a gentamicin protection
assay. The inoculum prepared under high-aeration conditions
was rapidly cleared from cells, with no CFU being recoverable at
48 h (Fig. 5B). On the contrary, the inoculum prepared under
low-aeration conditions displayed a curve compatible with intra-
cellular multiplication, with a 10-fold increase from 24 to 48 h
(Fig. 5B). These results indicate that the bacterial state on the
growth curve influences the ability of B. canis to achieve intracel-
lular replication.

To further investigate the permissive replicating conditions of
the bacteria, we prepared cell infection inocula taken at different
points on the growth curve (Fig. 6A) and then evaluated their
intracellular replication competence. In Raw 264.7 macrophages,
unambiguous intracellular replication was achieved when the B.
canis inoculum was at some point of the exponential phase (a, b,
¢), whereas rapid intracellular clearance was detected when the
inoculum was in the stationary phase (Fig. 6B). In epithelial HeLa
cells, intracellular replication was achieved only when early-expo-
nential-phase inocula (a, b) were used. Bacteria in the mid-expo-
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FIG 5 Modulation of the aeration conditions in the bacterial inoculum allows
intracellular replication of B. canis. (A) B. canis cells (5 X 10° CFU) were
inoculated and grown for 30 h under high-aeration conditions (20 ml of TSB
in 125-ml glass Erlenmeyer flasks, 37°C, 200 rpm) and low-aeration conditions
(10 ml of TSB in 50-ml plastic tubes, 37°C, 120 rpm). Aliquots were taken at
different times, and the optical densities at 420 nm were measured to deter-
mine the growth curves. (B) B. canis grown under the conditions indicated in
panel A (dashed line) for 22 h was used to prepare the bacterial inoculum.
HeLa cells were infected at an MOI of 500 in a gentamicin protection assay.
After the incubation times indicated, CFU counts were determined. Error bars
represent SDs. Data are representative of at least three independent experi-
ments. Statistical significance was calculated by one-way analysis of variance. P
values of <0.05 (*) and <0.01 (**) in relation to the corresponding T, value of
each bacterial condition are indicated.

nential and stationary phases did not multiply intracellularly (Fig.
6C). The B. canis virB10 mutant was unable to achieve intracellu-
lar multiplication in either cell line under conditions that generate
competent replicating B. canis (Fig. 7), strengthening the conclu-
sion that we were indeed monitoring intracellular replication.

B. canis displays two different cell-associated bacterial pat-
terns. Once the culture conditions for generating infective B. canis
were established, we explored the interaction of B. canis-GFP with
epithelial cells. Two types of cell-associated patterns were ob-
served; the first one corresponded to scattered cell-associated bac-
teria (Fig. 8A, a to ¢). This was the predominant pattern observed
in the majority of the infected cells at 24 and 48 h p.i. The second
pattern corresponded to a phenotype compatible with intracellu-
lar replicative bacteria and was characterized by a massive pres-
ence of B. canis-GFP at a perinuclear location (Fig. 8A, d to f). This
pattern was observed in an extremely small proportion of the cells.

The extracellular or intracellular location of B. canis-GFP in
each pattern was unambiguously determined by adding an anti-B.
canis antibody to nonpermeabilized cells (Fig. 8B). As expected,
the extracellular location of the first pattern was demonstrated
since bacteria were accessible to the antibody. Concomitantly, the
second pattern indeed corresponded to intracellular replicating
bacteria since they were not accessible to the antibody.
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FIG 6 The growth phase of the bacterial inoculum determines the ability of B.
canisto replicate intracellularly. (A) B. canis cells (5 X 10° CFU) were inoculated
into 20 ml of TSB in a 125-ml Erlenmeyer flask and incubated at 37°C and 200 rpm
for 30 h. Aliquots were taken at 5, 8, and 12 h (a, b, ¢), representing exponential-
phase conditions, and at 24 and 30 h (d and e), representing stationary-phase
conditions. O. D., optical density. Bacteria collected under each condition (a to e)
were used to inoculate Raw 264.7 macrophages (MOI, 100 CFU) (B) and HeLa
cells (MOI, 500 CFU) (C) in a gentamicin protection assay. At the times indicated,
the number of CFU per well was determined. Error bars represent SDs. Data are
representative of at least three independent experiments. In panels B and C, statis-
tically significant differences between the 24- and 48-h points for each condition
were calculated by Student # test. *, P < 0.01.

Intracellular B. canis bacteria are viable and nontoxic. The
viability of the scattered cell-associated and intracellular replica-
tive bacteria was determined in HeLa cells infected with B. canis
expressing GFP under the control of an ATc-inducible promoter.
At 48 h p.i., GFP was induced by the addition of ATc and the
samples were examined for fluorescence (Fig. 9A). Scattered cell-
associated bacteria did not express GFP upon ATc induction, in-
dicating that they were dead bacteria probably killed by gentami-
cin. In contrast, intracellular replicative bacteria showed robust
expression of GFP after the addition of ATc, demonstrating that
they are transcriptionally active and thus were viable organisms.
As demonstrated for B. abortus (1, 41), intracellular replication of
B. canis was nontoxic, since mitotic cells with a high number of
intracellular B. canis bacteria were observed (Fig. 9B). This behav-
ior is in clear opposition to mutant rough brucellae, which are
highly toxic to cells (47).

The percentage of cells showing intracellular replicative bacte-
ria at 48 h p.i. was determined in monolayers infected with B. canis
at different points on the growth curve. This percentage was sig-
nificantly higher in both cells lines when the inoculum was in early
phases of the growth curve than when the inoculum was in the late
exponential or stationary phase (Fig. 10), showing a strict corre-
lation with the result obtained with the intracellular growth curves
(Fig. 6).

B. canis replicates within the endoplasmic reticulum and ex-
its through LAMP1-positive vacuoles. B. abortus replicates inside
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FIG 7 The B. canis virB10 mutant is unable to replicate in HeLa cells and Raw
264.7 macrophages. Early-exponential-phase (5 h) B. canis or B. canis AvirB10
was used to infect HeLa cells (MOI, 500 CFU) or Raw 264.7 macrophages
(MOI, 100 CFU) in a gentamicin protection assay. At the times indicted, the
number of CFU per well was determined. Error bars represent SDs. Data are
representative of at least three independent experiments. Statistically signifi-
cant differences between the counts achieved by both strains at 48 h were
calculated by Student ¢ test. *, P < 0.01.

the endoplasmic reticulum of its host cell and completes its intra-
cellular cycle by reaching compartments displaying autophago-
cytic characteristics that allow exodus of the bacterium from the
cell (37). We analyzed whether B. canis uses the same intracellular
pathway. HeLa cells were infected with B. canis-GFP grown under
conditions that allow intracellular replication. After 48 h of infec-
tion, intracellular replicative B. canis mostly colocalized with the
endoplasmic reticulum marker calnexin, though a small propor-
tion of bacteria was found in LAMP1-positive compartments (Fig.
11A, left side). Despite the low number of cells displaying intra-
cellular replicative bacteria after 72 h of infection, some of them
harbored large bacterial clumps inside vacuoles (Fig. 11B) resem-
bling those previously described for B. abortus (37). These bacte-
rial clumps were located within large vacuoles devoid of calnexin
but surrounded by the LAMP1 marker (Fig. 11A, right side).
These LAMP1-positive vacuoles containing bacterial clumps were
absent from cells infected with the B. canis virB10 mutant or B.
canis bcanCR12 grown under stationary-phase conditions (data
not shown).

DISCUSSION

Similar to rough B. abortus, B. melitensis, and B. suis mutants
lacking the O-polysaccharide chain of lipopolysaccharide (LPS),
B. canis displays an exposed oligosaccharide that cross-reacts with
core determinants (29). This “rough-like” phenotype also corre-
lates with higher surface hydrophobicity, greater mucousness, and
broader adherence to surfaces and cell membranes than those of
smooth virulent brucellae (21, 28). Since the rough mutants are
attenuated (48), it may be assumed that the slower-replication
profile of B. canis in the murine model could be due to the absence
of the O chain. Nevertheless and sensu stricto, B. canis is not a
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FIG 8 B. canis displays two different patterns of interaction with epithelial
cells. (A) HeLa cells were infected at an MOI of 500 CFU with an early-expo-
nential-phase inoculum of B. canis-GFP grown under low-aeration conditions
as indicated in Fig. 5A. After 48 h of incubation, cells were fixed and their
nuclei were stained with 4’,6-diamidino-2-phenylindole (DAPI; blue) and vi-
sualized by fluorescence microscopy. (A) Two interacting patterns are shown:
HeLa cells displaying scattered cell-associated bacteria (a to ¢) and intracellular
replicating bacteria (d and e). (B) At 48 h p.i., living nonpermeabilized HeLa
cells were incubated with an antibody to B. canis for 30 min at 4°C, followed by
an anti-mouse antibody conjugated with Alexa Fluor 594 (Life Technologies).
Cells were then fixed, permeabilized, and processed for an immunofluores-
cence assay. Intracellularly located bacteria are exclusively green (GFP signal),
whereas extracellular bacteria are red (anti-B. canis signal). Images were con-
trasted and saturated with the Hue tool to obtain suitable color separation.
Scale bars, 5 pm.

rough bacterium and displays significant differences from rough
mutants derived from virulent smooth strains. First, it persists in
mouse organs, including bone marrow, for a protracted period of
time, revealing its ability to maintain a chronic state. Second, B.
canis is highly infective and virulent for dogs, inducing patholog-
ical signs corresponding to brucellosis. Third, B. canis is much
more resistant than smooth Brucella and rough mutants to low
pH, complement, hydrogen peroxide, and bactericidal cationic
peptides (27), all properties associated with virulence (49, 50).
Fourth, B. canis induces a lower proinflammatory response than
rough Brucella mutants in animal models (25), a characteristic
linked to its furtive strategy. Fifth, while intracellular B. canis is
nontoxic to cells, rough Brucella mutants induce cell death (47), a
trait associated with its intracellular life style. Finally, in contrast
to rough mutants but similar to smooth brucellae, B. canis pene-
trates macrophages through lipid rafts (25). Other properties such
as iron acquisition and growth metabolic requirements have also
been pointed out as relevant differences between B. canis and
other Brucella species (20, 51).

In addition to being highly pathogenic for dogs, B. canis is also
able to infect humans and eventually cause severe disease (8, 52,
53). Despite this, the bacterium does not induce obvious clinical
signs at the onset of infection. The incubation period may last a
long time and cause no symptoms before abortion or epididymitis
is manifested in dogs. Likewise, experimental infections of mon-
keys (54) or natural active infections of humans generally last a
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FIG 9 Intracellular B. canis bacteria are viable replicating bacteria. (A) HeLa
cells were infected at an MOI of 500 with an early-exponential-phase inoculum
of B. canis-iGFP grown under low-aeration conditions as indicated in Fig. 5A.
This strain harbors ATc-inducible GFP. At 48 h p.i., GFP was induced by ATc
addition. The cells were then fixed and visualized by fluorescence microscopy.
Note that scattered cell-associated bacteria do not display green fluorescence,
indicating that they are dead, while the intracellular type of bacterial cells show
green fluorescence, indicating active metabolism. (B) Intracellular B. canis
(green) is shown replicating in dividing cells. Images were contrasted and
saturated with the Hue tool to obtain suitable color separation. Scale bars,
10 pm.

long time without any pyogenic signs (16, 17) until the disease is
finally manifested. In experimental murine brucellosis, persis-
tence is clearly demonstrated by bone marrow infection at later
times, with low cytokine production.

It is therefore evident that B. canis, like other virulent brucellae
(1, 2), follows a stealth strategy to evade the immune response of
its host, mainly during the first stages of infection. However, B.
canis seems to display even stealthier behavior, since it promotes a
lower and slower proinflammatory response than that induced by
the classical zoonotic smooth Brucella species. Despite inducing
significant pathology in dogs, B. canis barely promotes altered
hematological profiles or signs of endotoxicity. The milder in-
flammation of the target organs and the smaller amounts of IFN -y
induced during B. canis infections of mice are in agreement with
this proposal. This claim is also endorsed by works demonstrating
rather low cytokine induction, even with heat-killed B. canis or B.
canis AvirB mutant bacteria (44, 55); absence of macrophage ac-
tivation (25); and the lower reactive oxygen species response in B.
canis-infected humans than in those infected with smooth Bru-
cella species (56-58).

As in other brucellae, the stealth strategy followed by B. canis
seems to be linked to the absence of recognition of putative patho-
gen-associated molecular patterns (PAMPs) as a result of signifi-
cant changes in the cell envelope components that also allow the
bacterium to persist for a longer time (21, 25-29). Moreover, a
large proportion of the B. canis infecting bacteria that remain ex-
tracellularly located are killed, exposing putative intracellular
PAMPs; still, the cytokine levels remain low. This phenomenon is
reminiscent of the absence of cytokine production after the ad-
ministration of killed B. abortus to mice (1).

December 2015 Volume 83 Number 12

Infection and Immunity

Brucella canis Is a Stealthy Intracellular Pathogen

>

Raw 264.7

[l exponential

[ stationary

% Infected Cells
B

Hela

% Infected Cells m
-
v

a b c d e
Phase of the growth curve

FIG 10 The growth phase of the bacterial inoculum relates to the ability to
detect B. canis replicating intracellularly. (A) B. canis bacterial cells were grown
for 30 h in 20 ml of TSB in a glass Erlenmeyer flask at 200 rpm. Aliquots were
taken outat 5, 8, and 12 h (a, b, and ¢, respectively), representing exponential-
phase conditions, and at 24 and 30 h (d and e, respectively), representing
stationary-phase conditions, as indicated in the legend to Fig. 6A. Bacteria
from each condition (a to e) were used to inoculate cells. The proportions of
Raw 264.7 macrophages (B) and HeLa epithelial cells (C) displaying intracel-
lular replicative B. canis at 48 h p.i. are shown. Error bars represent SDs. Data
are representative of at least three independent experiments. The statistical
significance of differences was calculated by Student ¢ test. *, P < 0.01; **, P <
0.001 (in relation to inoculum a [early exponential phase]).

In addition to the low proinflammatory response behavior of
B. canis, the extremely low percentage of individual bacterial cells
able to achieve productive intracellular replication, even under
optimal in vitro growth conditions, seems to be a crucial part of the
strategy used by B. canis. This low rate of intracellular replication,
which still takes place in the same compartments described for
smooth brucellae, might contribute to the avoidance of strong
activation of the immune response and allow B. canis to slowly
colonize various organs before effective adaptive immunity de-
velops.

The relevance of the virB operon for B. canis virulence has been
demonstrated before in the mouse model (44), but its participa-
tion in the intracellular lifestyle of this species has not. As is the
case with other Brucella species, this system is an essential compo-
nent of the achievement of successful intracellular replication of B.
canis within the endoplasmic reticulum of host cells. We demon-
strated that in order to achieve intracellular survival competence,
the bacterium requires restricted culture conditions and needs to
be in early stages of the growth curve. These conditions may allow
the regulation of this injection machinery, as well as other systems
important for virulence that impact the expression of the virB
operon, such as the transcriptional regulator VjbR and the two-
component system BvrR/BvrS, before cell infection (59, 60). Al-
ternatively, B. canis in late stages of the growth curve may secrete
metabolites that would inhibit intracellular replication. Even
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FIG 11 B. canis transits through the endoplasmic reticulum and reaches au-
tophagosome-like vacuoles at late times postinfection. (A) HeLa cells were
infected at an MOI of 500 with an early-exponential-phase inoculum of B.
canis-GFP grown under low-aeration conditions as indicated in Fig. 5A. At the
times indicated, cells were processed for an immunofluorescence assay with
antibodies to LAMP1 (red, top) or calnexin (red, bottom). Cells were visual-
ized by confocal microscopy. Scale bars, 5 wm. (B) Percentages of cells display-
ing intracellular replicative B. canis (gray bars) and clumps of bacteria sur-
rounded by LAMP1 (black bars). Images were contrasted and saturated with
the Hue tool to obtain suitable color separation. Error bars represents SDs.
Data are representative of at least three independent experiments.

though our purpose was not to dissect in molecular and cellular
detail the process by which B. canis becomes prone to achieve
replication in cultured cells, the protocols designed allow further
investigation of this relevant mechanism of control of intracellular
replication.

The host constraint and cell envelope properties of B. canis are
partially shared with Brucella ovis, an intracellular pathogenic spe-
cies restricted to sheep that is also devoid of N-formylperosamine
polysaccharides (61). However, B. canis departs from B. ovis in
many respects, including the antigenicity of its LPS, its host pref-
erence, and its zoonotic potential (3, 29). In addition, genetic
analysis has indicated that B. canis and B. ovis emerged as two
independent Brucella lineages (62). Indeed, the absence of the
O-polysaccharide chain linked to the rough LPS corresponds to
convergent evolution rather than a common origin of these two
species, since B. ovis carries a frameshift in wbkF (63) and a GI-2
deletion (64) while B. canis conserves GI-2 but carries a deletion
overlapping wbkD and wbkF (63).

There is a long history of the coexistence of dogs and humans
(65). Still, the reported number of human cases of B. canis brucel-
losis is low. From a practical perspective, it should be noted that
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the stealthier strategy and the long incubation period in the ab-
sence of obvious clinical signs make it difficult to detect B. canis
infection. As has been pointed out before, this is aggravated by
deficiencies in testing, mainly because of a lack of available diag-
nostic capabilities that leads to underestimation of the disease (9).
Asa consequence, a great many infections may go undiagnosed. In
addition, the low socioeconomic conditions under which many
canine infections have been detected may hamper the diagnosis of
the disease, as previously proposed (52).

In conclusion, there are several reports of Brucella organisms
not replicating intracellularly in ex vivo assays (21, 22, 66, 67). In
light of the results presented here, the absence of intracellular
replication of Brucella bacteria in cultured cells should be taken
cautiously. There is also an urgent need for the standardization of
infection protocols in order to decipher and compare the vast
number of published results in brucellosis research.
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