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Intranasal inoculation of mice with Bordetella bronchiseptica produces a transient pneumonia that is cleared
over several weeks in a process known to require both neutrophils and lymphocytes. In this study, we evaluated
the roles of the chemokines MIG (CXCL9), IP-10 (CXCL10), and I-TAC (CXCL11) and their common
receptor, CXCR3. Following bacterial inoculation, message expression of interleukin-1 (IL-1), IL-6, and the
neutrophil-attracting chemokines KC, LIX, and MIP-2 was rapidly induced, with maximal expression found at
6 h. In contrast, message expression of gamma interferon, MIG, IP-10, and I-TAC peaked at 2 days. Expression
of all of these chemokines and cytokines returned to near baseline by 5 days, despite the persistence of high
levels of live bacteria at this time. Induced MIG, IP-10, and I-TAC protein expression was localized in areas
of inflammation at 2 to 3 days and was temporally associated with increased levels of CXCR3™* lymphocytes in
bronchoalveolar lavage fluid. There was no increase in mortality in mice lacking CXCR3. However, the
clearance of bacteria from the lung and trachea was delayed, and the recruitment of lymphocytes and NK cells
was slightly decreased, for CXCR3™/~ mice relative to CXCR3*'* mice. We conclude that the CXCR3
receptor-ligand system contributes to pulmonary host defense in B. bronchiseptica infection by recruiting

lymphocytes and NK cells into the lung.

Whooping cough (pertussis) has historically been a major
cause of morbidity and mortality in humans (16, 20). Although
vaccines against its causative agent, Bordetella pertussis, have
considerably reduced the incidence of this disease in developed
countries, its recent resurgence in some vaccinated populations
has led to greater interest in the mechanisms of Bordetella
pathogenesis and its interactions with the immune system (20).
Unfortunately, animal models of B. pertussis may not provide
an accurate representation of the human disease, because hu-
mans are the only natural hosts for this organism (15, 16). An
alternative approach is to study closely related Bordetella sub-
species, such as Bordetella bronchiseptica. Like B. pertussis, B.
bronchiseptica is a gram-negative aerobic coccobacillus that
infects the respiratory tract (16). Unlike B. pertussis, B. bron-
chiseptica naturally infects numerous animal species, including
mice, rats, rabbits, pigs, and (rarely) humans. It is the causative
agent of kennel cough, a major source of morbidity in dogs
(12).

Intranasal inoculation of mice with 10° to 10° B. bronchisep-
tica bacteria produces infection of both the upper and lower
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respiratory tracts (15). In the lungs, bacterial counts peak at 5
to 7 days and then decrease, and bacteria are eliminated after
about 4 weeks (15). Bacteria are cleared from the trachea after
6 weeks but persist indefinitely in the nose. Both innate and
adaptive immune mechanisms are necessary for clearance of
this organism. Neutropenic, SCID, and RAG-1"/" animals
succumb to infection (15). NK cells contribute to host defense
against the organism but are not essential, as evidenced by the
fact that beige mice are still able to clear the infection (15).
High levels of bacteria persist for long periods throughout the
respiratory tracts of B-cell-deficient mice, and treatment of
these mice with a specific antiserum against B. bronchiseptica
causes rapid clearance of the organism, indicating that anti-
bodies play an important role in the resolution of this disease
(21). The role of T cells in B. bronchiseptica infection has not
been specifically investigated. However, Mills et al. reported
that T cells obtained from mice infected with B. pertussis had a
Th1l phenotype (26). They further demonstrated that T cells
are essential for clearance of B. pertussis in mice, since nude
mice (lacking T cells) were unable to eliminate the organism
unless T cells were provided by adoptive transfer.
Chemokines are a family of small cytokines that play major
roles in directing the selective movement of specific immune
cells (7, 30, 58). Chemokines are classified into the C, CC,
CXC, and CX,C subsets depending on the number and spacing
of conserved cysteines in their sequences. The CXC subgroup
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can be further divided depending on the presence or absence
of a conserved ELR (glutamic acid-leucine-arginine) motif.
The ELR* CXC chemokines have potent chemoattractant ac-
tivity for neutrophils. In mice, this group includes LIX (43), a
close homologue of both human ENA-78 (CXCLS5) and
GCP-2 (CXCL6) (37), and two chemokines, KC and MIP-2,
related to the three human GRO (CXCLI1 to CXCL3) proteins
(31, 46). Among the ELR™ CXC chemokines, MIG (CXCLD9),
IP-10 (CXCL10), and I-TAC (CXCLI11) form a distinct and
evolutionarily conserved subgroup (9, 55). MIG, IP-10, and
I-TAC are induced by gamma interferon (IFN-y) in multiple
cell types (50, 51, 55) and are chemotactic for lymphocytes
bearing CXCR3, their common receptor (32, 33, 56).

Although previous studies have shown that lymphocytes are
required for the clearance of B. bronchiseptica infection from
the lungs in mice (15), the mechanisms involved in recruiting
lymphocytes to the lungs have not been investigated. In this
study, we found that the chemokines I-TAC, MIG, and IP-10
were induced during infection and that their expression corre-
lated with increased numbers of lymphocytes expressing
CXCR3. To investigate the functional role of CXCR3, we
compared the course of infection and cellular responses in
wild-type (WT) and CXCR3™/~ mice. Inactivation of CXCR3
produced a delay in bacterial clearance and decreases in lym-
phocyte and NK cell recruitment. However, CXCR3 '~ mice
were able to clear the infection from the lung, suggesting that
other mechanisms are able to compensate for the loss of
CXCR3 in this infection.

MATERIALS AND METHODS

Mice. Female BALB/c mice, housed under specific-pathogen-free conditions,
were studied at the age of 2 to 5.5 months. In each experiment, mice were the
same age * 4 days. Mice homozygous for a deletion in the CXCR3 gene that
renders it functionally inactive (CXCR3™/7) were generated as described else-
where (14) and then backcrossed to the BALB/c background for 10 generations.
WT (CXCR3"/*) BALB/c mice were purchased from Charles River Laborato-
ries (Cambridge, Mass.). All experimental protocols were approved by the An-
imal Research Committee of the University of California, Los Angeles.

Bacteria. B. bronchiseptica strains were grown and prepared as previously
described (6, 24). The B. bronchiseptica phase-locked Bvg* strain RB53 was used
to coat enzyme-linked immunosorbent assay (ELISA) plates. The wild-type
strain RB50 was used for experimental infections. Mice were lightly anesthetized
with isoflurane and inoculated intranasally with 1.5 X 10° RB50 bacteria in 50 .l
of phosphate-buffered saline (PBS). The number of viable bacteria in the inoc-
ulum was confirmed by plating dilutions on agar plates.

Harvesting of tissues and cells. Mice were euthanized by exsanguination,
under halothane anesthesia, by incision of the inferior vena cava. For determi-
nation of bacterial load, the right lung lobes and/or the trachea was homogenized
in PBS and plated onto brain heart infusion agar (Becton Dickinson) with
streptomycin. The left lung was homogenized in 1.5 ml of guanidine thiocyanate
lysis buffer (3), and RNA was extracted by the acid phenol method (3). For
immunohistochemistry, the lungs were flushed with PBS through the right ven-
tricle of the heart prior to tracheal cannulation. The lungs were inflated with
Carnoy’s solution, fixed at 4°C, embedded in paraffin, and sectioned at a thick-
ness of 7 pm.

Cells for flow cytometry were obtained by bronchoalveolar lavage (BAL) or by
collagenase digestion of the lung. For BAL, the trachea was cannulated and the
lungs were lavaged with PBS plus 0.2 mM EGTA. Red blood cells were then
lysed in NH,CI buffer (19), washed, and resuspended in flow buffer containing
1X PBS, 2% fetal calf serum, and 0.1% sodium azide. For collagenase digestion,
lungs were flushed with PBS via the right ventricle of the heart and were then
excised and digested with collagenase as described elsewhere (19), except that
RPMI 1640 containing 25 mM HEPES (Mediatech, Herndon, Va.) was used.
After lysis of red blood cells, undigested tissue was removed by filtration through
100-pm-pore-size cell strainers (Becton Dickinson). For both the BAL and
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collagenase protocols, cells were counted by use of a hemocytometer following
resuspension in flow buffer.

RPA. The RNase protection assay (RPA) was performed as described previ-
ously (28). Riboprobe templates were constructed in pGEM-4Z (Promega, Mad-
ison, Wis.) with EcoRI and HindIII sites at the 5’ and 3’ ends, respectively, of
cDNA inserts. The sizes and specific cDNA regions used in probes were as
follows: for I-TAC, 348 nucleotides (nt) (nt 221 to 568 of GenBank accession no.
AF179872); for IP-10, 143 nt (nt 46 to 188 of M86829); for MIG, 300 nt (nt 102
to 401 of M34815); for LIX, 354 nt (nt 135 to 488 of U27267); for MIP-2, 270 nt
(nt 66 to 336 of X53798); for interleukin-18 (IL-1B), 239 nt (nt 453 to 691of
M15131); for KC, 169 nt (nt 119 to 288 of J04596); and for IL-6, 149 nt (nt 304
to 452 of X54542). A probe for ribosomal protein S2 (102 nt), used as a loading
control, has been described previously (38, 43). Plasmids for the MIP-2, KC,
MIG, and I-TAC probes were a gift from Iain Campbell (The Scripps Research
Institute, La Jolla, Calif.).

RT-PCR. Levels of IFN-y mRNA were determined by using semiquantitative
reverse transcription-PCR (RT-PCR). Total RNA (2.5 pg/sample) was reverse
transcribed by using Superscript II RNase H reverse transcriptase (Invitrogen,
Carlsbad, Calif.). The PCR mixture contained 1X PCR buffer (Invitrogen), 1.5
mM MgCl, (Invitrogen), 100 uM deoxynucleoside triphosphates (25 pM each
deoxynucleoside triphosphate) (Stratagene), 0.4 pM (each) primer 5'-TCTGG
AGGAACTGGC-3" and primer 5'-CTGTTGCTGAAGAAGGTA-3', 1 pl of
the reverse transcriptase reaction mixture, and 0.625 U of HotStarTaq
(QIAGEN, Valencia, Calif.) in a total volume of 25 pl. The primers amplify a
160-bp segment corresponding to nt 227 to 386 of murine IFN-y (GenBank
accession no. K00083). PCR conditions were 94°C for 1 min (1 cycle), followed
by 40 cycles of 94°C for 15 s, 50°C for 30 s, and 70°C for 90 s. Control reactions
were performed by using primers 5'-AAGCTGAAGACAAGGAGTGGA-3'
and 5'-TGGGCAGGGAGAACAGG-3', which amplify a 102-bp fragment cor-
responding to nt 161 to 262 of the murine S2 cDNA (GenBank accession no.
AF283559). The reaction conditions were the same as for IFN-y, except that the
annealing temperature was 55°C, and 38 cycles were performed. For both IFN-y
and S2 reactions, the cycle numbers were determined empirically in order to
keep the amplifications in the exponential range. PCR products were separated
on 1.5% agarose gels and stained with 0.2 pg of ethidium bromide/ml.

Measurement of specific serum immunoglobulin G (IgG) antibodies against
B. bronchiseptica. Serum levels of IgG antibodies with specificity for B. bronchi-
septica were measured by ELISA. Ninety-six-well polystyrene assay plates (Bec-
ton Dickinson) coated with whole bacteria were used to trap specific antibodies,
which were then detected by using a donkey anti-mouse secondary antibody
conjugated to horseradish peroxidase (dilution, 1:2,000; Santa Cruz Biotechnol-
ogy, Santa Cruz, Calif.). The procedure was performed as described previously
(5, 18, 24) with the following modifications: (i) to maximize detection of anti-
bodies to B. bronchiseptica virulence proteins, the phase-locked Bvg™® strain
RB53 was used to coat the assay plates; (ii) a standard curve was generated for
each ELISA plate by using a reference serum prepared by pooling sera from five
WT BALB/c mice with high levels of specific anti-B. bronchiseptica antibodies.

Immunohistochemistry. Sections were deparaffinized in xylene, rehydrated
through a graded alcohol series, and stained with hematoxylin and eosin (H&E)
or with goat polyclonal antibodies against I-TAC, MIG, and IP-10 (R&D Sys-
tems, Minneapolis, Minn.) at 1.5 wg/ml. Nonimmune goat IgG (Jackson Immu-
noResearch Laboratories, West Grove, Pa.) was used as a control. After sections
were rinsed in PBS containing 0.1% saponin, endogenous peroxidase activity was
quenched by using 3% H,0,, and endogenous biotin was blocked by using a kit
from Zymed Laboratories (South San Francisco, Calif.). Sections were incubated
in 10% nonimmune rabbit serum (Zymed) for 20 min and then were incubated
overnight at 4°C with the primary goat antibodies (in PBS plus 0.1% saponin).
Next, sections were incubated with a biotinylated rabbit anti-goat antibody
(Zymed) at 25°C for 10 min. The stock secondary antibody was diluted in PBS
plus 0.1% saponin as follows: 1:4 for anti-IP-10, 1:12 for anti-MIG, and 1:8 for
anti-I-TAC antibody. Following a rinse in PBS plus 0.1% saponin, sections were
incubated with avidin-horseradish peroxidase (Zymed). After a rinse in PBS,
each slide was developed for 2 min by using a 3,3'-diaminobenzidine (DAB)
staining kit (Zymed) and was counterstained with Gill’s no. 2 hematoxylin
(Fisher Scientific, Fair Lawn, N.J.).

Flow cytometry of BAL cells. BAL cells were resuspended in flow buffer,
preincubated with Fc Block (BD PharMingen, San Diego, Calif.), incubated with
a rabbit anti-mouse CXCR3 polyclonal antibody (Zymed) or with normal rabbit
Ig (Peprotech, Rocky Hill, N.J.), and then incubated with phycoerythrin (PE)-
conjugated donkey anti-rabbit Ig (Jackson ImmunoResearch Laboratories). Fi-
nally, the cells were incubated with 7-amino-actinomycin D (7AAD) (Calbio-
chem, San Diego, Calif.) for dead-cell discrimination by using the method of
Schmid et al. (41) and were analyzed on a FACSCalibur flow cytometer (Becton
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Dickinson). The live (low 7AAD fluorescence) lymphocyte population was se-
lected by using forward and side scatter properties and was then examined in FL2
(PE, one color).

Flow cytometry of collagenase digests. Flow cytometry staining and analysis
were performed as described elsewhere (19) by using antibodies from BD
PharMingen. A PE-conjugated anti-mouse CD45 antibody was used for gating
on leukocytes, and fluorescein isothiocyanate (FITC)-conjugated rat anti-mouse
antibodies against CD3, CD4, or B220 were used for subset analysis. NK cells
were stained by using an FITC-conjugated DXS5 antibody. Appropriate isotype
control antibodies were included. Dead cells were excluded by using 7AAD, as
described above.

Statistics. A standard unpaired ¢ test was used to evaluate differences between
two groups if their variances were similar. For unequal variances, the unequal-
variances form of the ¢ test was used. Experimental results involving multiple
parameters were evaluated by analysis of variance (ANOVA). A log transfor-
mation of the data was performed if needed to increase the normality of the data
and the similarity of variances. If differences were significant by ANOVA at a P
value of <0.05, differences between the single control group and each experi-
mental group were assessed by use of a Dunnett test.

RESULTS

Chemokine expression in the lung during infection with B.
bronchiseptica. To investigate the expression of selected che-
mokines and cytokines during the early phases of infection
with B. bronchiseptica, 3-month-old BALB/c mice were inocu-
lated intranasally with RB50 (1.5 X 10° CFU in 50 ul of PBS)
and then sacrificed at intervals up to 5 days (n = 5 to 6
mice/group). Control animals were inoculated with PBS alone
and sacrificed at 3 days. Bacterial loads were determined by
colony counts from the right lung. RNA was extracted from the
left lung and analyzed by RPA or semiquantitative PCR as
described in Materials and Methods. In agreement with pre-
vious work (15), lung B. bronchiseptica counts at 24 to 72 h
decreased from their initial level and then increased at 5 days
(Fig. 1A). Despite the persistence of bacteria in the lung, the
expression of the cytokines and chemokines we measured
peaked earlier and returned to near baseline by 5 days (Fig.
1B). IL-1 message peaked at 6 h and then decreased slowly,
remaining elevated at 5 days relative to control levels. IL-6 was
also induced at 6 h but rapidly declined to baseline levels (Fig.
1B). The time courses of the neutrophil-attracting chemokines,
LIX, KC, and MIP-2, were similar to that of IL-1, with peak
message expression at 6 h, followed by a decline nearly to
background by 5 days (Fig. 1B).

In contrast to IL-1, IL-6, and the neutrophil-attracting che-
mokines, the expression of IFN-y and the IFN-y-inducible
chemokines I-TAC, MIG, and IP-10 peaked at 48 h after
inoculation (Fig. 1B). Levels of IFN-y and all three of these
chemokines decreased between 3 and 5 days, despite a ~10-
fold increase in the number of bacterial CFU during that
interval (Fig. 1A). In additional experiments, neither I-TAC
nor MIG nor IP-10 was detected by RPA at 7 days (when lung
bacterial levels were at their peak) or at later times, up to 35
days (data not shown). These data indicate that I-TAC, MIG,
and IP-10 messages are induced in the lung during the early
stages of infection with B. bronchiseptica, so these chemokines
could potentially play a role in orchestrating leukocyte move-
ment involved in the subsequent clearance of this organism
from the lung.

Expression of I-TAC, MIG, and IP-10 proteins in the lung
during infection. To determine whether I-TAC, MIG, and
IP-10 proteins are expressed during infection, and to evaluate
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FIG. 1. Transient cytokine and chemokine expression in the lung
during the first 5 days after infection with B. bronchiseptica. (A) Bac-
terial loads in the lung during the 5-day time course. (B) Expression of
cytokines and chemokines. The expression of IL-1, IL-6, KC, LIX,
MIP-2, I-TAC, MIG, and IP-10 was determined by RPA. IFN-y ex-
pression was determined by RT-PCR. RNA expression is normalized
to the murine ribosomal S2 gene. Data are means for different groups;
error bars, standard errors of the means. Double asterisks (**) indicate
a difference between the indicated group and the PBS control group
that is significant at a P value of <0.01 (Dunnett test for multiple
comparisons).

their localization, the lungs of WT BALB/c mice (n = 3 to
4/group) were removed 2 days after infection, fixed in Carnoy’s
solution, and embedded in paraffin. Intranasal inoculation pro-
duced patchy areas of intense inflammation, particularly
around airways, with other lung areas remaining clear (Fig. 2).
Immunohistochemistry using antibodies specific for the three
chemokines was performed as described in Materials and
Methods. Expression of I-TAC, MIG, and IP-10 proteins was
induced in inflamed areas, compared to uninflamed areas and
the PBS control (Fig. 2). At 48 h, the three chemokines showed
somewhat different patterns of expression: Antibodies against
I-TAC and IP-10 gave strong staining of the smooth-muscle
layer of vessels in areas with inflammation and stained airways
dimly, if at all. Antibodies against MIG, however, stained ves-
sels dimly, if at all, but showed strong staining of airway epi-
thelial cells. Expression of all three chemokines was detected 3
days after infection, as well, but was generally less intense than
the staining at 2 days (data not shown). These data indicate
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FIG. 2. Immunohistochemical study of I-TAC, MIG, and IP-10 protein expression in the lung during infection with B. bronchiseptica. Leftmost
panels show representative H&E staining. Remaining panels show immunohistochemical staining (brown) with antibodies to the CXCR3 ligands
or control antibodies, as indicated. Sections shown in the top half of the figure are from lungs collected 48 h after inoculation with B. bronchiseptica
(RB50). Sections in the bottom half are from control animals inoculated with PBS. Magnification, X100. Photomicrographs were taken under the

light microscope.

that the I-TAC, MIG, and IP-10 proteins, as well as their
messages, are expressed in the lung during infection with B.
bronchiseptica. No differences in I-TAC, MIG, or IP-10 mes-
sage or protein expression were detected between infected
CXCR3™/~ mice and WT mice (data not shown).

Leukocyte recruitment to the lung during infection with B.
bronchiseptica. The expression of chemokines in response to
infection is expected to recruit leukocytes into the lung. To
assess changes in lung leukocyte populations following infec-
tion, we prepared single-cell suspensions by collagenase diges-
tion of lungs harvested from WT mice 3, 7, and 14 days after B.
bronchiseptica inoculation, or 3 days following PBS (control)
inoculation, and analyzed them by flow cytometry, as described
in Materials and Methods (n = 3 mice/group). Three days after
inoculation, the total number of CD45™" cells and the number
of CD45™ lymphocytes were both threefold greater in infected
animals than in controls (P = 0.01) (Fig. 3A and B). Similar
results were obtained in two replicate experiments (data not
shown). Total leukocyte numbers remained elevated above
those for the PBS control at 7 days (P = 0.01) but not at 14
days. Lymphocyte numbers were not significantly elevated
above those for the PBS control at either 7 or 14 days (Fig. 3B).

Lymphocyte subsets were studied by using FITC-conjugated
CD3, CD4, B220, and pan-NK antibodies to identify the T-cell,
CD4" T-cell, B-cell, and NK cell subsets. Three days after
inoculation, the number of cells in each of these lymphocyte
subsets increased 2.0- to 4.4-fold in infected animals compared

to the PBS control groups (Fig. 3C). Similar results were seen
in a replicate experiment. In both infected and control lungs,
the majority of T cells were CD4". While T cells were more
numerous than B cells in the lungs of control animals, the
numbers of T and B cells were similar in infected animals, i.e.,
the increase in the number of B cells (4.4-fold) was greater
than the increase in the number of T cells (2.0-fold). The NK
cell subset made up less than 15% of all lymphocytes in both
infected and control animals (Fig. 3C). Thus, infection with B.
bronchiseptica results in recruitment of CD45" leukocytes,
lymphocytes, and each lymphocyte subset to the lung 3 days
after infection. The lymphocyte influx at 3 days follows the
expression of I-TAC, MIG, and IP-10 (Fig. 1B and 2B) and is
therefore consistent with a model in which these chemokines
participate in lymphocyte recruitment into the lung.
Neutrophils and CXCR3™" lymphocytes are recruited to the
airspaces during B. bronchiseptica infection. To further evalu-
ate the cell types recruited to the lung during B. bronchiseptica
infection, we performed BAL 3 days after intranasal inocula-
tion of WT mice either with RB50 or with PBS alone (n = 3
mice/group). The number of neutrophils in BAL fluid in-
creased 137-fold in infected animals (P < 0.05), but the num-
ber of macrophages did not change (Fig. 3D). A replicate
experiment showed similar results. In other experiments (data
not shown), the increase in the number of neutrophils in BAL
fluid occurred as early as 6 h. The recruitment of neutrophils
may be due in large part to the expression of KC, LIX, and
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FIG. 3. Leukocyte numbers in the lung during infection with B.
bronchiseptica. Cell suspensions from mice inoculated with B. bronchi-
septica (filled columns) or with PBS (open columns) were prepared
from collagenase digests of the lung (A-C) or from BAL fluid (D-F)
and analyzed by counting, differential staining, and flow cytometry. For
flow cytometry, a minimum of 30,000 cells was acquired per data point.
(A) Total numbers of all leukocytes (CD45" cells) in collagenase
digests 3 to 14 days after infection. (B) Total numbers of lymphocytes
in collagenase digests 3 to 14 days after infection. (C) Numbers of
CD3, CD4, B, and NK cells in collagenase digests 3 days after infec-
tion. (D) Absolute numbers of neutrophils (polymorphonuclear lym-
phocytes [PMN]) and macrophages (MP) in BAL fluid 3 days after
infection. (E) Absolute numbers of total lymphocytes and CXCR3™
lymphocytes in BAL fluid 3 days after infection. (F) Percentage of
lymphocytes in BAL fluid that were CXCR3 positive 3 days after
infection. For leukocyte and lymphocyte numbers (A and B), statistical
significances of differences from the PBS control group were deter-
mined by using a Dunnett test. For all other comparisons (C-F), a t test
was used to test the significance of differences between the RB50-
inoculated group and the PBS control group. *, P < 0.05; **, P < 0.01.
Error bars, standard errors of the means.

CD3 CcD4 B NK

MIP-2, as described above, since their appearance correlates
with the induction of these chemokines.

Expression of CXCR3 by lymphocytes was evaluated by flow
cytometry as described in Materials and Methods. The total
number of lymphocytes in BAL fluid increased 6.2-fold in
infected animals compared to PBS controls (P < 0.01), and the
number of CXCR3" lymphocytes increased nearly 14-fold
(P < 0.01) (Fig. 3E). The proportion of BAL lymphocytes that
were CXCR3™" increased from 16.3% in controls to 46.3%
after infection, a 2.8-fold increase (P < 0.01) (Fig. 3F). This
experiment was replicated once, with similar results for all
parameters. Thus, a large proportion of the increase in the
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number of lymphocytes in BAL fluid is due to recruitment of
CXCR3" cells. This observation suggests that this receptor
and its ligands could play important roles in the host response
to this infection.

CXCRS3 is not required for clearance of B. bronchiseptica
from the lung. To investigate the functional role of CXCR3 in
the immune response to B. bronchiseptica, we compared the
clearance of bacteria from the lungs and tracheae of WT
(CXCR3™*) and knockout (CXCR3/7) mice. WT and
knockout mice were inoculated with 1.5 X 10° RB50 bacteria
in 50 pl of PBS. Bacterial loads in the lung and trachea were
determined at 3, 7, 14, 21, 28, and 35 days after inoculation
(n = 5 to 7/group). Serum obtained after euthanasia was fro-
zen in aliquots for later evaluation of antibody responses. Both
WT and knockout mice were able to clear the infection from
the lungs by 35 days, indicating that CXCR3 is not essential for
clearance of the organism (Fig. 4A). Numbers of CFU in the
lungs of the two types of mice were identical at 3 days. At all
subsequent time points until 35 days, when both groups had
cleared the organism, CFU counts in lungs were higher in the
knockout animals. Although the differences were not signifi-
cant at individual time points, the difference between the ge-
notypes was significant by ANOVA (P < 0.01). As observed for
WT mice in previous studies (data not shown), clearance of B.
bronchiseptica from the trachea was slower than that from the
lung in both genotypes (Fig. 4B). Neither the WT nor the
knockout mice had cleared the bacteria from the trachea at 35
days. Consistent with the lung results, CFU counts in the tra-
chea were somewhat higher for knockout mice than for WT
mice throughout the experiment (P < 0.01 by ANOVA).

In a second experiment, numbers of CFU in lungs of WT
and knockout mice were measured 21 days after inoculation
with 1.5 X 10° bacteria (n = 8 per group). Lung CFU counts
were higher in the knockout group than in the WT group at 21
days in both experiments (Fig. 4A; also data not shown),
though the differences at 21 days did not quite achieve statis-
tical significance when each experiment was analyzed sepa-
rately. When the 21-day data from the two experiments were
analyzed together (total n = 14 per group), however, the mean
bacterial load for the knockout mice was significantly greater
(6.0-fold; P = 0.01) than that for the WT mice (Fig. 4C). Taken
together, these experiments show that the absence of CXCR3
leads to a modest delay in clearance of bacteria from both the
lung and the trachea.

Levels of specific IgG against B. bronchiseptica in the sera of
WT and knockout mice were determined by ELISA. Specific
antibody was first detected on day 14, and its level increased
rapidly thereafter (data not shown). The time courses of anti-
body production did not differ (by ANOVA) between WT and
knockout mice.

The absence of CXCR3 alters the proportions of lympho-
cytes and NK cells in the lung. To determine the effect of
CXCR3 inactivation on leukocyte recruitment after infection,
we evaluated leukocyte populations by flow cytometry in col-
lagenase lung digests 3 days after infection of WT and knock-
out mice (n = 3/group). This experiment was performed three
times, with similar results. Control experiments, using a PBS
inoculum without bacteria, were performed twice. For infected
animals, the lymphocyte fraction (as a proportion of all CD45™"
leukocytes) was 12% smaller in knockout mice than in WT
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FIG. 4. Clearance of bacteria from the lung and trachea in knock-
out (CXCR37/7) and WT (CXCR3"/*) mice. Bacterial loads in lungs
(A) and tracheae (B) were higher in knockout mice (open circles) than
in WT mice (filled circles) (P < 0.01 by ANOVA). (C) Bacterial loads
in the lung were higher at 21 days in knockout mice than in WT mice.
The data in panel C were the result of analysis of the 21-day data in
panel A (n = 6 per group) together with data from a second, inde-
pendent experiment (n = 8 per group). Because the absolute numbers
of CFU in both groups in the second experiment were substantially
greater than those in the first experiment, the absolute CFU data could
not be combined directly. Instead, the CFU data in each experiment
were first normalized to the mean CFU for all mice (both groups) in
that experiment. The normalized data for the two experiments were
then combined (total n = 14 per group) and analyzed by using a ¢ test.
##% P < 0.01 by ¢ test. Error bars, standard errors of the means.

mice (P < 0.05 by ANOVA) (Fig. 5A). Similarly, the NK cell
fraction was about 30% smaller in infected knockout animals
than in infected WT animals (P < 0.01) (Fig. 5B). No differ-
ences in lymphocyte or NK cell proportions were seen between
the two genotypes in the PBS controls. There were no differ-
ences between infected WT and knockout animals in the pro-
portions or absolute numbers of the B-cell, T-cell, or granulo-
cyte subsets (data not shown). These data are consistent with
the participation of CXCR3 and its ligands in the recruitment
of lymphocytes and NK cells to the lung during B. bronchisep-
tica infection.

DISCUSSION

In recent years, chemokines have been shown to play roles in
host defense against bacteria in numerous models of lung in-
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FIG. 5. Differences in leukocyte subset composition in the lungs of
knockout and wild-type mice following infection. Single-cell digests of
lungs from CXCR3~/~ mice (open columns) or CXCR3™* mice
(filled columns) 3 days after inoculation with B. bronchiseptica RB50 or
PBS were examined by flow cytometry. A minimum of 30,000 cells
(total cells, live plus dead) was acquired per point; for analysis of the
NK cell subset, 100,000 total cells were acquired. Identical gates were
used in analysis for all experiments. (A) Percentage of lymphocytes
among all CD45™ cells. (B) Percentage of NK cells among all CD45*
cells. Each bar represents the mean of all experimental replicates for
a particular group (see the text). Error bars, standard errors of the
means. *, P < 0.05 by ANOVA; **, P < 0.01 by ANOVA.

fection in mice, including Klebsiella pneumoniae (2), Strepto-
coccus pneumoniae (10), Pseudomonas aeruginosa (48), Hae-
mophilus influenzae (53), and Legionella pneumophila (45).
Chemokine biology in the Bordetella genus remains a relatively
unexplored field, and to our knowledge, there are no papers in
the literature describing chemokine expression or roles during
infection with B. bronchiseptica. Furthermore, most studies on
bacterial infection models in the lung have demonstrated key
roles for chemokines or chemokine receptors associated with
granulocyte or macrophage recruitment; considerably fewer
studies have shown roles for chemokines that specialize in the
movement of lymphocytes, such as the CXCR3 ligands (42). It
is in this context that we examined I-TAC, MIG, and IP-10 and
their shared receptor, CXCR3, during infection of the lung
with B. bronchiseptica.

In this study, we show that I-TAC, MIG, and IP-10 are
induced in the lung during infection with B. bronchiseptica. The
I-TAC, MIG, and IP-10 messages all show relatively late peaks
of expression, at 48 h (Fig. 1). In contrast, IL-1, IL-6, and the
neutrophil chemokines KC, LIX, and MIP-2 are maximally
induced by 6 h. The induction of KC, LIX, and MIP-2 is
associated with an influx of neutrophils into the lung as early as
6 h that persists up to 3 days (Fig. 3D and data not shown).
Considering that neutrophils can express I-TAC, MIG, and
IP-10 (11, 51), the delayed expression of these chemokines
might be, in part, a function of the time necessary for neutro-
phil recruitment and activation, as well as a function of the late
induction of these chemokines in intrinsic lung cells. Addition-
ally, the late induction of I-TAC, MIG, and IP-10 could be due
in part to dependence on the earlier induction of upstream
regulatory molecules, particularly IFN-y, but also possibly IL-1
or other proinflammatory cytokines, as seen in other models
(1, 55, 58). For example, Neumann et al. demonstrated that, in
a staphylococcal enterotoxin B model of lung inflammation,
induction of IP-10 and MIG is largely dependent on IFN-y
(27). In murine cytomegalovirus infection, Salazar-Mather et
al. found that the induction of MIG in the mouse liver is
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dependent on secretion of IFN-y by NK cells recruited to the
liver by MIP-1a (39).

To determine if chemokine expression was associated with
the recruitment of immune cells in B. bronchiseptica infection,
lung leukocytes were evaluated by flow cytometry following
collagenase digestion (Fig. 3A to C). We found that numbers
of total leukocytes and lymphocytes are increased at 3 days but
return to near baseline by 7 days. The transient influx of leu-
kocytes correlates with the observation that expression of the
chemokines and cytokines examined in this study is also tran-
sient, with peak induction at 6 to 48 h, followed by a decline to
background levels by 5 days (Fig. 1). The intimate association
between chemokine expression and inflammatory cell recruit-
ment is demonstrated in the immunohistochemical studies
(Fig. 2). Intranasal inoculation results in a patchy distribution
of infection and inflammation in the lung, and the expression
of I-TAC, MIG, and IP-10 is found in association with the
presence of an inflammatory infiltrate.

The decline in chemokine and leukocyte levels to back-
ground by 5 to 7 days (Fig. 1B and 3) occurs at a time when the
number of viable bacteria in the lung has not yet begun to
decrease (Fig. 1A) (15). Similar declines have been seen in a
few other mouse infection models. IP-10 and MIG expression
peaked 3 days after systemic infection of mice with Rickettsia
conorii and then dropped sharply, in both the liver and the
lungs, before the bacterial load peaked at 5 days (50). Simi-
larly, levels of IP-10 and other chemokines dropped nearly to
background several days before peak viral levels following lung
infection with respiratory syncytial virus (RSV) (13). In con-
trast, chemokine levels generally correlated with bacterial
loads in various other mouse lung infection models, including
Legionella, Streptococcus, and Chlamydia infection models (17,
45, 52). The differences among these models suggest that or-
ganism-specific virulence factors may influence the kinetics
and magnitude of some chemokine responses. For example,
RSV produces specific proteins (glycoproteins G and SH) as-
sociated with suppression of chemokines, including IP-10 (47).
Similarly, it is possible that the reduction we observed in I-
TAC, MIG, and IP-10 levels between 3 and 5 days, while the
number of viable B. bronchiseptica bacteria continued to in-
crease, could be due in part to B. bronchiseptica virulence
factors. In particular, B. bronchiseptica produces an adenylate
cyclase toxin (15) and also has a type III secretion system, the
products (or effectors) of which can inactivate NF-kB in host
cells (57). The effects of these factors on host chemokine pro-
duction could be evaluated in future studies using specific B.
bronchiseptica mutant strains.

Although the expression of I-TAC, MIG, and IP-10 in our
study was temporally correlated with general leukocyte levels
in the lung, these chemokines would be expected to more
specifically recruit CXCR3™" lymphocytes to this location. It
proved not to be feasible to examine this question using col-
lagenase digests of the lung, because the CXCR3 receptor is
apparently proteolyzed during this procedure. However, the
number of CXCR3™" lymphocytes present in BAL specimens
increased 14-fold (Fig. 3E), and the proportion of lymphocytes
expressing CXCR3 increased from 16 to nearly 50% after
infection (Fig. 3F). Our data (Fig. 1 to 3) are consistent with
the hypothesis that I-TAC, MIG, or IP-10 recruits CXCR3™"
cells into the lung in this model, as might be expected, based on
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the known chemotactic activities of these chemokines for cells
bearing the CXCR3 receptor (22, 25, 54). It is also possible
that activation of T cells already present in the lung results in
upregulation of CXCR3 expression, as has been shown in vitro
(34). Given the magnitude of the observed increase in total
lymphocyte numbers, the latter mechanism is likely to account
for only a minority of the increase in the number of CXCR3™"
lymphocytes.

To determine the significance of any lymphocyte recruit-
ment by I-TAC, MIG, or IP-10 via CXCR3 in the host re-
sponse to B. bronchiseptica, we examined clearance and anti-
body generation in CXCR3 ™/~ mice. Bacterial loads in these
knockout mice were higher than those in WT mice at all time
points after 3 days (Fig. 4). However, these differences were
modest, and knockout mice were able to clear the infection
from the lungs. In addition, levels of specific IgG against B.
bronchiseptica did not differ between knockout and WT mice
(data not shown). This finding contrasts with recent observa-
tions showing that specific IgG levels were significantly de-
creased in MIG ™/~ mice infected with the Francisella tularensis
live vaccine strain (32). F. tularensis, however, differs consid-
erably from B. bronchiseptica in that the former is a faculta-
tively intracellular organism that has many pathways of trans-
mission, infects mononuclear phagocytes as primary targets,
and invades many organs of the body (8, 44).

Although mice lacking CXCR3 were able to clear B. bron-
chiseptica from the lung, it remained possible that significant
changes at the cellular level were occurring as a result of its
loss. This has been seen in other models. For example, in
another murine model of lung infection (RSV), deletion of a
chemokine gene, MIP-1a, resulted in no changes in pathogen
load or outcome yet was associated with a marked decrease in
the degree of inflammation and leukocyte recruitment to the
lung (13). To test for this possibility in our model, we examined
inflammation and leukocyte subset composition in the lungs of
CXCR3™/~ mice. No differences in lung inflammation were
readily apparent in H&E-stained lung sections (data not
shown), but subtle changes were present in some immune
subsets examined by flow cytometry (Fig. 5). Specifically, lym-
phocytes and NK cells represented a smaller fraction of all
leukocytes (CD45™" cells) in the knockout animals. A limitation
of the collagenase digestion method used to obtain cells for
these flow cytometry studies is that the absolute number of
cells obtained per mouse tends to differ considerably between
individual mice. For this reason, it was not possible to make
statistically meaningful comparisons of absolute lymphocyte
numbers or absolute NK cell numbers between the two groups
of mice. However, the decrease in the relative parameters does
suggest that a decrease in total lymphocyte numbers or in NK
numbers could have occurred. Since these cells are known to
express CXCR3 (33, 36), this is consistent with the hypothesis
that the loss of CXCR3 results in less chemotaxis of these cells
into the lung. Decreased numbers of NK cells alone would not
be expected to seriously impair host immunity against B. bron-
chiseptica, since beige mice (lacking NK cells) have little diffi-
culty clearing the organism (15).

Although this study shows that CXCR3 is not required for
pulmonary clearance of B. bronchiseptica or antibody produc-
tion, our data indicate that CXCR3 does contribute to host
defense against this organism in WT animals. CXCR3 and its
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ligands I-TAC, MIG, and IP-10 are upregulated in the lung
during infection, and absence of CXCR3 results in a small but
statistically significant delay in clearance. The lack of an abso-
lute requirement for CXCR3 is perhaps not surprising, con-
sidering that redundancy of immune mechanisms may be es-
sential for robust host defense against the rapid evolution of
virulence mechanisms by microorganisms. Redundancy is a
well-established and common phenomenon in chemokine bi-
ology (4). Lymphocytes can express many other chemokine
receptors besides CXCR3, including CCR4, CCRS5, CCR7,
CCRY, CCR10, CXCR4, and CXCRS (23, 29, 35, 40, 49), and
these could potentially compensate for the loss of CXCR3.
CCRS, in particular, is frequently coexpressed with CXCR3 on
activated T cells (33).

In conclusion, I-TAC, MIG, and IP-10 are strongly induced
in the lung during infection with B. bronchiseptica, and expres-
sion of these chemokines is associated with a large increase in
the number of CXCR3™ cells in the lung. Inactivation of
CXCR3 causes a delay in pulmonary clearance of the organism
but does not increase mortality or impair the generation of IgG
antibody. We suspect that a double knockout of CXCR3 and
another chemokine receptor with a potentially overlapping
function, such as CCRS, would exhibit a more dramatic phe-
notype.
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