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Although neutrophils have been identified as sources of inflammatory cytokines and chemokines, little is
known about their immunologic function during mycobacterial infection in the lungs. In this study, we
examined the growth of Mycobacterium bovis BCG in the lungs under experimental conditions that altered
neutrophil recruitment to the lungs. Depletion and recruitment of neutrophils was associated with respective
increases and decreases in M. bovis BCG growth. Thus, neutrophils may enhance mycobacteriocidal immunity

in the lungs.

Protective immunity against Mycobacterium tuberculosis de-
pends on recruitment and activation of CD4- and CDS8-positive
T lymphocytes to sites of infection (4). In addition, macro-
phages phagocytose, kill, and sequester mycobacteria and pro-
duce T-cell-activating cytokines (18). The interaction between
infected macrophages and T cells involves both proinflamma-
tory and downregulatory cytokines, resulting in killing of in-
fecting M. tuberculosis organisms. However, a few bacteria
survive and account for latent infection, persistent immune
activation, and the risk of reactivation disease (12, 18).

Neutrophils are important for early control of acute bacte-
rial infections and thus are considered pivotal to protective
innate immunity (6, 28). However, it is not clear whether neu-
trophils have immunologic functions during mycobacterial in-
fections which are primarily controlled by T lymphocytes (27,
32, 34). In mice, neutrophils are recruited to sites of mycobac-
terial infection and may be important since the beige mutation
or neutropenia enhances the growth of M. avium (1-3, 32).
Although recruitment of neutrophils to bronchoalveolar
spaces has been described during active human tuberculosis
and associated with local chemokine expression (31, 33), it is
not known whether neutrophils have direct bacteriocidal or
immunologic functions. In vitro studies suggest that human
neutrophils are mycobacteriocidal and activated by soluble my-
cobacterial antigens (5, 10, 15, 21, 22, 25). Likewise, a role for
neutrophil-derived defensins has not been clearly established
in humans, although growth of M. tuberculosis in mice and in
vitro may be partially impaired by treatment with human neu-
trophil defensins (23, 36). In addition, relapsing and intracta-
ble tuberculosis has been described in patients with a defective
gp917"* gene, a gene that is important for reactive oxygen
radical production and oxidative killing of intracellular patho-
gens (19).

Neutrophils produce and respond to cytokines and chemo-
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kines and therefore may contribute to acquired T-cell immu-
nity against mycobacteria (16, 17, 28). In mice, mutation of yd
T-cell receptors does not impair the control of M. tuberculosis
growth but results in the formation of pyogenic granulomas,
suggesting interactions between neutrophils and yd- T cells (9).
Gamma interferon (IFN-y) gene-disrupted mice develop a
pronounced granulocytosis in the blood, liver, and spleen fol-
lowing intravenous M. bovis BCG Pasteur infection, suggesting
that IFN-y may modulate granulocyte recruitment (24). In
addition, enhanced growth of M. tuberculosis in lungs of mice
rendered partially neutropenic with depleting antibody treat-
ments has been reported (27). Other studies demonstrate that
neutrophil depletion enhances the growth of rapid-growing
nontuberculous mycobacteria while the growth of M. tubercu-
losis remains unaffected (35). Expression of surface class I and
class II major histocompatibility complex molecules and anti-
gen presentation capabilities suggest that neutrophils may
function as “auxillary” antigen-presenting cells for T cells (11,
29, 37). Whether neutrophils contribute to the development of
innate and/or T-cell-mediated immunity against mycobacteria
remains unclear. In this study, neutrophil recruitment to the
lungs was modulated to determine its effect on mycobacterial
immunity.

We have previously characterized pulmonary immune re-
sponses to intratracheal M. bovis BCG infection in C57BL/6
mice and observed immune cell recruitment and activation in
bronchoalveolar spaces and lung parenchyma (12). Pathogen-
free C57BL/6 female mice (10 to 12 weeks of age) were in-
fected intratracheally with 3 X 10° to 5 X 10° CFU of M. bovis
BCG, and bronchoalveolar cells (BAC) were isolated by lavage
2,21, 28, 42, and 63 days after infection as previously described
(12). Cytospin slides of 2 X 10* cells were prepared using a
Cytospin 3 centrifuge (Shandon, Pittsburgh, Pa.) (600 rpm for
6 min) and stained with Diff-Quik (Fisher, Pittsburgh, Pa.).
Differential cell counts were determined by examining 200 to
400 cells, and the total number of neutrophils, lymphocytes,
and macrophages was calculated. During the first 2 weeks of
infection, BAC composition in control and infected mice was
similar, with neutrophils and lymphocytes representing fewer
than 5% of the cells. After 2 to 3 weeks of infection, a statis-
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TABLE 1. BAC recruitment during M. bovis BCG infection”

Time (days) 10® No. of BAC (mean = SEM)”
after
infection Neutrophils Lymphocytes Macrophages
2 451 = 1.08 1.89 = 0.55 130.33 £9.24

21 16.06 = 7.29* 12.93 *= 6.30* 171.20 = 25.45
28 116.05 *= 21.28* 170.73 + 46.44* 550.52 = 74.07*
42 25.85 = 6.19* 245.54 = 39.33* 703.68 + 66.87*
63 4.04 = 0.96 75.72 = 24.24* 509.66 = 86.85*

“ Female C57BL/6 mice 10 to 12 weeks old, were infected intratracheally with
3.0 X 10% to 5.0 X 10* CFU of M. bovis BCG. Total BAC numbers were
determined, and cytospin preparations of 15,000 to 20,000 cells were prepared
and stained with Diff-Quik. Then 200 to 400 cells were examined, and the
percentage of neutrophils and lymphocytes was determined.

? Absolute neutrophil, lymphocyte, and macrophage counts were calculated by
multiplying the percentage by the total cell number. Five mice were examined at
each time point, and the mean number of BAC from a representative experiment
is displayed. Statistical comparisons to day 2 values were made using the Wil-
coxon rank sum test (*, P < 0.05).

tically significant increase (compared to age-matched, unin-
fected control mice) in the numbers of bronchoalveolar neu-
trophils and lymphocytes was observed although macrophages
remained the predominant cell type at all times (Table 1). Peak
neutrophil recruitment occurred by day 28 and preceded max-
imal lymphocyte and macrophage recruitment by 1 to 2 weeks.
These data suggest that neutrophils may help mediate the
recruitment of lymphocytes and macrophages. In contrast,
bronchoalveolar lymphocytes and macrophages persisted
through weeks 9 and 10 of infection. After 6 to 7 weeks of
infection, the number of neutrophils returned to control levels.
Similar cellular recruitment patterns have been described for
both intratracheal and intraperitoneal infections with virulent
M. tuberculosis (14, 27). Acid-fast staining of BAC cytospin
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preparations did not demonstrate intracellular mycobacteria,
since the CFU of M. bovis BCG had been reduced to less than
1% of the inoculum (data not shown). To determine if neu-
trophil and lymphocyte activation had occurred within bron-
choalveolar spaces during M. bovis BCG infection, we mea-
sured macrophage inflammatory protein 2 (MIP-2) and IFN-y
expression in bronchoalveolar lavage fluids by enzyme-linked
immunosorbent assay (R&D Systems, Minneapolis, Minn.). As
shown in Fig. 1, expression of MIP-2 and IFN-y was signifi-
cantly increased compared to controls and paralleled the mi-
gration and activation of neutrophils and lymphocytes (Table
1) as well as the decrease in M. bovis BCG CFU in bronchoal-
veolar spaces (data not shown).

Since neutrophils are phagocytic and potentially mycobacte-
riocidal (5, 15, 21), we determined whether neutrophil deple-
tion would increase M. bovis BCG growth in the lungs. We first
determined that purified rat anti-mouse neutrophil antibody
(RB6) depleted peripheral blood neutrophils for at least 72 h
after a single 0.5-mg intraperitoneal dose (data not shown).
Therefore, mice were infected intratracheally with 0.5 X 107 to
1.0 X 10* CFU of M. bovis BCG and treated intraperitoneally
with either 0.5 mg of rat immunoglobulin G (IgG) (Sigma, St.
Louis, Mo.) or RB6 on days 14, 16, 18, and 20, when neutrophil
recruitment is occurring (12). On day 21, three to five mice per
group were sacrificed with tribromoethanol (240 mg/kg), BAC
were collected by lavage, lung homogenates were prepared,
and M. bovis BCG CFU were determined as previously de-
scribed (12). In a representative experiment (Fig. 2), a signif-
icant 10-fold increase (P = 0.05 [by Wilcoxon rank sum test-
ing]) in M. bovis BCG CFUs was detected in the lungs,
suggesting that mycobacterial growth was enhanced as a result
of neutrophil depletion. However, M. bovis BCG growth in
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FIG. 1. M. bovis BCG lung infection results in MIP-2 and IFN-vy expression in bronchoalveolar spaces. Female C57BL/6 mice, 10 to 12 weeks
old, were infected intratracheally with 0.5 X 10° to 1.0 X 10° M. bovis BCG organisms. At designated times, mice were exsanguinated and their
lungs were lavaged with 1.0 ml of phosphate-buffered saline. Lavage fluids were collected and stored at —70°C. MIP-2 and IFN-y levels were
measured by enzyme-linked immunosorbent assay as specified by the manufacturer. Mean levels of MIP-2 (left) and IFN-y (right) are shown from
a representative experiment. Error bars indicate standard error of the mean. Statistical comparisons were made using the Wilcoxon rank sum test,

and significant differences are designated (x, P < 0.05).
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FIG. 2. Neutrophil depletion enhances M. bovis BCG growth in the
lungs. Female C57BL/6 mice, 10 to 12 weeks old, were infected intra-
tracheally with 0.5 X 10* to 1.0 X 10* M. bovis BCG organisms. Mice
subsequently received 0.5 mg of rat IgG or neutrophil-depleting anti-
body RBG6 intraperitoneally on days 14, 16, 18, and 20. On day 21, BAC
and lung homogenates were prepared, and CFU were determined (n =
4 to 6). Data for BAC, lung, spleen, and lymph node cells are shown;
results are representative of three independent experiments. Error
bars indicate standard error of the mean. Statistical comparison to
IgG-treated controls was made using the Wilcoxon rank sum test, and
significant differences are designated (, P < 0.05).

BAC, mediastinal lymph modes and the spleen was not signif-
icantly affected. On day 21, lung cells also were stained with
biotinylated RB6 (BD Pharmingen, San Diego, Calif.) and
streptavidin-phycoerythrin (Caltag, Burlingame, Calif.) to de-
termine the number of neutrophils in the lungs. In a represen-
tative experiment, we detected a 25% decrease in the number
of neutrophils (2.98 X 10° = 1.13 X 10° [RB6 group] versus
4.15 X 10° = 0.26 X 10° [control group]) which correlated with
increased growth of M. bovis BCG. A decrease in the number
of bronchoalveolar neutrophils also was detected (75,225.0 =
43,834.7 [for controls] versus 14,750.0 = 10,856.1 [for RB6-
treated mice]) and was associated with a reduction (13 to 56%)
in the number of bronchoalveolar lymphocytes and macro-
phages (data not shown). However, no change in the numbers
of CD4™" or CD8™" T cells was detected in the lungs (data not
shown), in contrast with a study demonstrating a concurrent
decrease in the number of mesenteric lymph node T cells
during gastrointestinal listeriosis (8). However, our results did
not achieve statistical significance compared to those obtained
with control mice. In a different experiment, delaying treat-
ment with RB6 (on days 17, 20, and 23 days of infection) had
no effect on lung CFU measured on day 35 (data not shown).
Since depletion of neutrophils in bronchoalveolar spaces or
lung parenchyma was not complete (data not shown), we next
treated mice during early infection with multiple doses of an-
tibody to generate more profound neutropenia. For this ex-
periment, mice were infected intratracheally with 0.5 X 10° to
1.0 X 10° M. bovis BCG organisms and treated intraperitone-
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ally with RB6 (0.5 mg) on days 3, 6, 9, 12, 15, and 18 after
infection. After 21 days of infection, lung homogenates were
prepared and a 10% increase in M. bovis BCG lung CFU (P =
0.05) was measured (data not shown). However, we deter-
mined that serum from RBo6-treated mice contained a high
titer (=1:1,000 dilution) of mouse anti-RB6 immunoglobulin,
confirming that the mice had been immunized to the depleting
antibody (data not shown). A recent study also has reported
the development of mouse anti-RB6 antibodies after only two
intraperitoneal doses of RB6 antibody (35). Thus, the immu-
nogenic properties of RB6 antibody precluded its further use
in studies to determine the role of neutrophils during pro-
longed M. bovis BCG infections in the lung. As a result, we
used an alternative experimental approach to determine
whether neutrophils could modify M. bovis BCG infection in
the lungs.

Since neutrophil depletion appeared to enhance M. bovis
BCG growth in the lungs, we next hypothesized that enhanced
early recruitment of neutrophils (Table 1) would decrease my-
cobacterial growth. First, we demonstrated that intranasal
instillation of MIP-2 resulted in neutrophil recruitment to
bronchoalveolar spaces. Mice were anesthetized with tribro-
moethanol (180 mg/kg) as reported above and treated intra-
nasally with 0.5 pg (in 25.0 pl) of recombinant murine MIP-2
(R & D Systems.) resuspended in 0.1% bovine serum albumin
(BSA). Control mice were given 25 pl of 0.1% BSA. After 24,
48, and 72 h, the mice were killed and BAC were harvested by
lavage. Cytospin preparations were stained with Diff-Quik, and
neutrophils and lymphocytes were counted. As shown in Fig. 3,
a single intranasal MIP-2 treatment caused an influx of neu-
trophils which lasted for at least 48 hs and did not affect the
numbers of lymphocytes or macrophages. Also, BSA treatment
did not alter the cellular composition of the bronchoalveolar
lavage fluid. After 72 h, normal numbers of bronchoalveolar
neutrophils were observed.

Next, we treated M. bovis BCG-infected mice with 0.5 pg of
MIP-2 (1.3- to 3.3-fold higher than the 50% effective dose
according to the manufacturer) or BSA intranasally every 48 h
(days —1 through +9) and measured M. bovis BCG CFU in the
lungs 14 days after infection. Bronchoalveolar neutrophilia and
a 20% decrease in M. bovis BCG numbers in the lungs were
measured (data not shown). Therefore, we used larger treat-
ment doses of MIP-2 to better ensure neutrophil recruitment
before and during early infection. C57BL/6 mice were treated
with MIP-2 (2.5 pg/dose [5.0- to 16.6-fold higher than the 50%
effective dose) before (days —2 and —1) and after (days +1
and +3) intratracheal infection with 5.0 X 10° to 10.0 X 10°
CFU of M. bovis BCG. After 7 and 14 days, bronchoalveolar
and lung cells were prepared as described above and CFU
were determined. As shown in Fig. 4, MIP-2 treatment resulted
in a significant reduction in bacterial growth in the lungs on day
14. However, histopathologic examination of lung tissue did
not reveal obvious differences in inflammatory infiltrates (data
not shown). In addition, no statistically significant change in
the numbers of M. bovis BCG organisms was detected in me-
diastinal lymph nodes (593.4 = 193.4 [control mice] versus
593.0 = 253.0 [MIP-2-treated mice]) or spleen (77.7 = 77.7
[control mice] versus 280.0 = 140.0 [MIP-2-treated mice]).
This suggested that the MIP-2-mediated reduction in M. bovis
BCG CFU in the lungs was not due to enhanced dissemination
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FIG. 3. Intranasal MIP-2 administration results in recruitment of
neutrophils to bronchoalveolar spaces. Female C57BL/6 mice, 10 to 12
weeks old, were given 0.5 pg of recombinant murine MIP-2 intrana-
sally. After 24, 48, and 72 h, the mice were killed and BAC were
isolated. Cytospin preparations of 20,000 cells were fixed and stained
with Diff-Quik. Numbers of neutrophils and lymphocytes were deter-
mined by counting 200 to 400 cells and multiplying the percentage by
the total number of cells collected. The mean number of cells from
three mice is shown. Error bars indicate standard error of the mean.
Control mice were treated with 0.1% BSA in phosphate-buffered sa-
line. Statistical comparisons to controls were made using the Wilcoxon
rank sum test, and significant differences are designated (*, P < 0.05).
PMN, polymorphonuclear leukocytes.

of M. bovis BCG to other organs. In contrast, bacterial burdens
in the lungs were similar in MIP-2-treated and control mice on
day 7 of infection, suggesting that a direct bactericidal mech-
anism was not operative during early infection as was also
suggested by others (27). Although we also detected a 15 to
20% increase in the number of CD3" T cells in lung cell
homogenates analyzed by flow cytometry (data not shown), we
were unable to detect enhanced IFN-y expression in lavage
fluids or culture supernatants of lung cells cultured in vitro
(data not shown). Since we did not quantitate lung macro-
phages, we could not exclude the possibility that the increase in
CD3" T-cell numbers enhanced the recruitment of macro-
phages, which reduced M. bovis BCG growth. However, we did
not detect a difference in nitrite production, a surrogate
marker of nitric oxide expression and macrophage activation
(data not shown). Thus, the effect of MIP-2 treatment on M.
bovis-BCG growth may be independent of nitric oxide or
IFN-y expression.

Although human neutrophils appear to phagocytose and kill
mycobacteria, a role for neutrophils during innate and adap-
tive immune responses to mycobacteria remains poorly de-
fined. Studies using animal models have likewise failed to dem-
onstrate a clear mechanism whereby neutrophils contribute to
innate immunity against mycobacteria (3, 27, 32, 34). Whether
neutrophils modulate T-cell responses through expression of
chemokines (e.g., MIP-1la and monocyte chemotactic protein
1) which recruit lymphocytes and macrophages or enhanced
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FIG. 4. Intranasal MIP-2 administration decreases M. bovis BCG
growth in the lungs. Female C57BL/6 mice, 10 to 12 weeks old, were
treated intranasally with 2.5 pg of recombinant murine MIP-2 (in 25
wl) before (days —2 and —1) and after (days +1 and +3) intratracheal
infection with 5.0 X 107 to 10.0 X 10° CFU of M. bovis BCG. Control
mice were treated similarly with 0.1% BSA. After 7 and 14 days, BAC
and lung cell homogenates were prepared from individual mice (n =
3), and CFU were determined. The results show mean CFU and are
representative of three independent experiments. Error bars indicate
standard error of the mean. The Wilcoxon rank sum test was used to
compare numbers of CFU for control and MIP-2-treated mice, and
significant differences are designated (*, P < 0.05).

expression of cytokines (e.g., interleukin-12) which promote
IFN-vy expression is not clear (2, 16, 17, 27, 28).

We found that depletion of neutrophils between days 14 and
20 was associated with increased M. bovis BCG growth in the
lungs after 21 days. In contrast, other studies report that de-
pletion 2 to 3 weeks after infection had no effect on the growth
of M. tuberculosis (Erdman) while early neutrophil depletion
enhanced the growth of M. tuberculosis (Erdman) in the lungs.
Although neutrophil depletion was associated with a transient
decrease in the levels of IFN-y and inducible nitric oxide syn-
thase mRNA in the liver, it is not known whether a similar
effect on IFN-y and inducible nitric oxide synthase mRNA
expression occurs simultaneously in the lungs (27). These con-
trasting observations may reflect differences in mouse strains
(BALB/c versus C57BL/6), inoculum size, route of infection
(intravenous versus intratracheal) or route of RB6 treatment
(intraperitoneal versus intravenous). In addition, other studies
of murine listeriosis have shown that RB6 treatment does not
affect neutrophil recruitment or microbiocidal activity equally
in the spleen and liver, suggesting that different mechanisms
might mediate neutrophil activity in different organs (7).
Therefore, since others and we have determined that RB6
antibody is significantly immunogenic (35), we were unable to
confidently draw conclusions on the basis of a neutrophil de-
pletion approach.

By utilizing a novel intranasal MIP-2 treatment to enhance
neutrophil recruitment to the lungs, we determined that neu-
trophils partially contributed to the control of M. bovis BCG
infection, resulting in a 30 to 40% reduction in growth. How-
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ever, since growth differences were not detected until day 14 of
infection, an early mycobacteriocidal effect did not seem op-
erative. Otherwise, an early reduction in mycobacterial counts
might have been measured. Furthermore, although we did not
detect differences in IFN-y expression or nitrite production, a
15 to 20% increase in the number of CD3™ cells (both CD4
and CD8) was measured in the lungs. Whether this causes
increased recruitment of mycobacteriocidal macrophages is
not known. In the bronchoalveolar spaces, peak neutrophil
influx preceded peak lymphocyte and macrophage recruit-
ment. Therefore, our data suggest that neutrophils may have a
non phagocytic, immunomodulatory function enhancing lym-
phocyte and macrophage recruitment to the lungs during my-
cobacterial infection (27). Indeed, neutrophil-mediated re-
cruitment of macrophages has been suggested to be a critical
defense mechanism against Listeria, which also is an intracel-
lular pathogen (20). Further studies are under way to deter-
mine whether this effect is associated with an increase in the
amount of MIP-1q, which is chemotactic for lymphocytes and
is expressed in the lungs of mice infected with M. tuberculosis
(30) and by human neutrophils exposed to mycobacterial pro-
teins (16).

Innate and acquired T-cell responses are necessary for the
control of mycobacterial infection in the lungs (4, 18). Our data
suggest that neutrophils have an indirect function which was
not associated with enhanced IFN-y or nitrite expression in the
lungs. To be potential immune effector cells, neutrophils must
be recruited to infectious foci since other studies have shown
that a peripheral blood neutrophilia does not protect mice
from M. tuberculosis growth and dissemination (24). Since neu-
trophils may have the capacity to function as antigen-present-
ing cells for mycobacterial antigens and to produce chemo-
kines which enhance T-lymphocyte recruitment, further
investigation of their interaction with T lymphocytes may elu-
cidate new approaches to immunotherapy or the development
of novel vaccines. In addition, analysis of local pulmonary
immune responses will define new strategies whereby aero-
genic delivery of chemokines or cytokines may prove useful for
treatment of or immunization against M. tuberculosis (13, 26).
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