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Evidence showing that neutrophils play a protective role in the host response to infection by different
intracellular parasites has been published in the past few years. We assessed this issue with regard to the
infection of mice with Mycobacterium tuberculosis. We found a chronic recruitment of neutrophils to the
infection foci, namely, to the peritoneal cavity after intraperitoneal infection and to the spleen and liver after
intravenous inoculation of the mycobacteria. However, bacilli were never found associated with the recruited
neutrophils but rather were found inside macrophages. The intravenous administration of the antineutrophil
monoclonal antibody RB6-8C5 during the first week of infection led to selective and severe neutropenia
associated with an enhancement of bacillary growth in the target organs of the mice infected by the intravenous
route. The neutropenia-associated exacerbation of infection was most important in the liver, where a bacterial
load 10-fold higher than that in nonneutropenic mice was found; the exacerbation in the liver occurred both
during and after the neutropenic period. Early in infection by M. tuberculosis, neutropenic mice expressed lower
levels of mRNAs for gamma interferon and inducible nitric oxide synthase in the liver compared to nondepleted
mice. These results point to a protective role of neutrophils in the host defense mechanisms against M.
tuberculosis, which occurs early in the infection and is not associated with the phagocytic activity of neutrophils

but may be of an immunomodulatory nature.

The neutrophil is a professional phagocyte with a crucial
role in the host defenses against infection by extracellular
parasites. Recent data from mouse models show that the neu-
trophil also plays a protective role in infections by intracellular
parasites. Results from several groups, including our own,
demonstrate that the neutrophil is a key cell in the host de-
fense against primary (4, 16, 21, 40) and secondary (4, 22)
infection by Listeria monocytogenes. Likewise, the neutrophil
has been found to play a protective role in infections by Can-
dida albicans (30, 41, 42), Salmonella enterica subsp. typhi-
murium (15), Francisella tularensis (49), Yersinia enterocolitica
(15), Chlamydia trachomatis (6), and Toxoplasma gondii (45).

The importance of neutrophils in the host defense against
intracellular microbes that cause chronic infections, such as
mycobacteria, has previously been dismissed. There are two
reasons for this. First, the neutrophil has a short life span, and
second, the bacilli grow inside macrophages, thus being shel-
tered from the phagocytic activity of the neutrophil. However,
in support of a role for these cells in chronic infections, we
have shown that neutrophils are persistently recruited to the
sites of mycobacterial infection (5, 47). This neutrophil re-
sponse is biphasic, with an early acute peak on the first day of
infection followed by a second influx peaking around 8 to 15
days and lasting until the end of the infection. The first peak is
nonspecific, while the second is T cell dependent (1, 2). The
importance of this neutrophil influx has been addressed by
studying the response to mycobacterial strains of differing vir-
ulence or by comparing live and dead mycobacteria (47). Im-
portantly, we have shown that the neutrophil response is stron-
ger and more persistent for both virulent and live mycobacteria
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(47). In addition, the in vitro antimycobacterial activity of
peritoneal macrophages was increased when macrophage cul-
tures were supplemented with neutrophil material (47).

Further support for a protective role of neutrophils in my-
cobacterial infections has been provided by the in vivo deple-
tion of these cells by monoclonal antibody (MAb) RB6-8C5
treatment. In an intravenous (i.v.) model of Mycobacterium
avium infection, mice depleted of neutrophils by using RB6-
8C5 exhibited increased susceptibility to bacterial growth (3).
This increased susceptibility was similar to that of mice which
carry the beige mutation (3). Beige mice reconstituted with
neutrophils from C57BL/6 mice exhibited increased resistance
to M. avium infection (3). More recently, Petrofsky and Ber-
mudez, using the same neutrophil depletion procedure, also
showed that neutrophils play a protective role in the early
resistance to M. avium infection (38). It is not yet clear what
role neutrophils play in the lung, as RB6-8CS5 depletion failed
to exacerbate growth of bacteria in mice aerogenically infected
with M. avium (43).

In the present work, we studied neutrophil recruitment dur-
ing infection of mice with Mycobacterium tuberculosis and also
the effect of in vivo neutrophil depletion on bacterial prolifer-
ation. We show that neutrophils, which were found to be
present at the foci of M. tuberculosis infection, play an indirect,
nonphagocytic role in host protective mechanisms, probably
via an effect on innate production of gamma interferon (IFN-

).

MATERIALS AND METHODS

Mice. Female BALB/c mice were purchased from Jackson Laboratories (Bar
Harbor, Maine) and infected when they were 6 to 8 weeks of age.

Antibodies. The RB6-8C5 cell line was a kind gift from R. L. Coffman (DNAX
Research Institute, Palo Alto, Calif.), and the GL-117 and JES5-2A5 cell lines,
secreting B-galactosidase-specific and interleukin-10 (IL-10)-specific MAbs, re-
spectively, were a kind gift from DNAX. These hybridomas were grown in ascites
fluid in HSD nude mice purchased from the Gulbenkian Institute (Oeiras,
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FIG. 1. Influx of neutrophils and mononuclear cells to peritoneal cavities of mice infected i.p. with 10° CFU of M. tuberculosis. Peritoneal lavages were performed
on groups of four or five mice at different time points, and total and differential leukocyte counts were done. Bars represent means and standard deviations. Statistical
differences between noninfected and infected mice: *, P < 0.05; **, P < 0.01. Results are from one representative experiment of two independent experiments.

Portugal), and the antibodies were purified by using a protein G-agarose column
(Gibco, Paisley, United Kingdom).

Experimental infections. A virulent laboratory strain of M. tuberculosis (Erd-
man) was grown from a low-passage seed lot in Proskauer-Beck liquid medium
to mid-log phase, aliquoted, and frozen at —70°C.

To quantitatively assess neutrophil influx during the infection by M. tubercu-
losis, the peritoneal cavity model of infection was used (47). Mice were injected
intraperitoneally (i.p.) with 10° CFU of M. tuberculosis or phosphate-buffered
saline (PBS), and groups of four or five mice were sacrificed at different time
points.

Treated and untreated mice were i.v. infected, via the lateral tail vein, with 10°
CFU of strain Erdman. Mycobacterial proliferation was assessed at different
time intervals by determining viable counts in liver, spleen, and lung until day 30
of infection. Serial dilutions of whole-organ homogenates were plated on
Middlebrook 7H11 agar (Life Technologies, Gaithersburg, Md.), and bacterial
colonies were counted after incubation at 37°C for 20 days. The data are ex-
pressed as the log;, of the mean number of bacteria recovered per organ (n =
4 animals).

Study of neutrophil influx. The peritoneal leukocyte population in mice in-
jected i.p. with mycobacteria or PBS (control) was analyzed. After peritoneal
lavage with 4 ml of PBS, total leukocyte numbers were determined and differ-
ential cell counts were performed with cytospin preparations (Shandon cytocen-
trifuge) stained with the Diffquick stain (Date International, Miami, Fla.). Du-
plicate cytospin preparations were stained by the Ziehl-Neelsen method for the
visualization of M. tuberculosis bacilli.

Neutrophil recruitment to foci of systemic infection was studied in liver and
spleen at the time points indicated in Fig. 2 and Table 1. Spleen cell suspensions
were treated with a 0.15 M ammonium chloride-0.010 M potassium bicarbonate
solution to lyse erythrocytes. The cells were then washed, and total and differ-
ential cell numbers were determined as described above for peritoneal leuko-
cytes. Liver tissue was fixed in 10% buffered formalin set in paraffin, sectioned,
and stained with hematoxylin and eosin. Neutrophil influx was evaluated by
counting the number of neutrophils per microscopic field (with a 100X objective)
in at least 50 fields per section. These numbers were transformed to correspond
to cell numbers per square millimeter. Duplicate preparations of both spleen cell
cytospin preparations and histological liver sections were stained by the Ziehl-
Neelsen method for the visualization of M. tuberculosis bacilli.

Neutrophil depletion. In order to assess the role of neutrophils in systemic
infection by M. tuberculosis, i.v. infected mice were made neutropenic by treat-
ment with MAb RB6-8C5, as previously described in detail (3, 4). Briefly, mice
were injected i.v. in the lateral tail vein with 200 pg of MAb RB6-8C5 or with
MAD GL-117 or PBS as controls (in an independent experiment it was found that
the effect of the administration of the isotype-matched control MAb GL-117 was
not different from that of PBS). Two depletion periods were used in the present

study. Early depletion required antibody treatment at 5 h, 2 days, and 4 days of
infection. Late depletion required dosing on days 16, 18, and 20 of infection.
Previous studies with MAb RB6-8CS5, showed severe neutrophil depletion in the
peripheral blood, spleen, and peritoneal cavity for 48 h following the i.v. injection
of 0.2 mg of the antibody, with the number of neutrophils returning to normal at
day 3 after treatment (4). In this model, therefore, neutropenia is maintained
until day 6, with recovery at day 7 (3). The numbers of neutrophils in livers and
spleens of MAb RB6-8C5-treated mice were determined as described above at
the time points indicated in Fig. 2 and Table 1.

By laser-assisted confocal microscopy, we confirmed that MAb RB6-8CS5 binds
to neutrophils but not to mononuclear cells. This neutrophil-specific binding of
RB6-8C5 was observed in both naive and experimentally infected mice
(J. Pedrosa et al., unpublished data).

In vivo treatments with rIL-12 or anti-IL-10. Mice were infected i.v. with M.
tuberculosis Erdman and treated during the first week of infection with MAb
RB6-8C5 or PBS as control. Neutralization of IL-10 was performed by i.p.
injection of a single dose of 2 mg of MAb JES5-2A5 at 5 h after infection (36).
Recombinant IL-12 (rIL-12) (46) (a kind gift from S. Wolf and J. Sypek, Genetics
Institute, Cambridge, Mass.) was reconstituted in PBS and administrated i.p. in
two doses of 0.4 wg at 5 h and 2 days after infection.

Semiquantitative reverse transcriptase PCR reaction (RT-PCR). Liver seg-
ments were collected from infected mice, homogenized in Ultraspec (Biotecx
Laboratories Inc., Houston, Tex.), rapidly frozen, and stored at —70°C. Total
mRNA was extracted and reverse transcribed by using murine Moloney leukemia
virus reverse transcriptase (Gibco BRL, Grand Island, N.Y.). Analysis of
mRNA-specific cDNA sequences for IFN-y and inducible nitric oxide synthase
(iNOS) was performed by semiquantitative PCR (20). Briefly, cDNA was diluted
and amplified by using Taq polymerase (Promega, Madison, Wis.) and specific
primers (20, 53). The PCR product was blotted, probed with specific internal
probes, and detected by using an enhanced chemiluminescence (ECL) kit (Am-
ersham, Arlington Heights, Ill.). By using a limiting number of cycles for the
PCR, a correlation between the amount of signal and the relative amounts of
c¢DNA specific for a particular product is obtained. The amount of readable
RNA from each sample was compared by using primers specific for the hypo-
xanthine phosphoribosyltransferase (HPRT) housekeeping gene. Samples that
had similar HPRT signals were compared for the expression of IFN-y-specific
and iNOS-specific signals.

RESULTS

Persistent neutrophil recruitment is a feature of M. tuber-
culosis infection. As a first approach to quantitatively assess
neutrophil influx during infection by M. tuberculosis, the re-
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FIG. 2. Neutrophil and mononuclear cell populations of mouse spleens during systemic infection by M. tuberculosis. Mice were injected i.v. with 10° CFU of M.
tuberculosis and treated i.v. with the neutrophil-depleting MAb RB6-8C5 or with PBS (control). The antibody was administrated at 5 h, 2 days, and 4 days of infection.
At the indicated time points, groups of four or five mice were sacrificed and spleen cell suspensions were obtained. After erythrocyte lysis, cells were washed and total
and differential leukocyte counts were performed. Bars represent means and standard deviations. ND, not detectable. Statistical differences between noninfected and
infected mice: *, P < 0.05; #*, P < 0.01. Results are from one representative experiment of two independent experiments.

cruitment of neutrophils to the peritoneal cavity of mice in-
fected i.p. was monitored over time. We used this model since,
as previously reported (5, 47), peritoneal leukocyte popula-
tions can be easily and accurately studied both qualitatively
and quantitatively.

Figure 1 demonstrates that the very low numbers of perito-
neal neutrophils seen in noninfected mice increased in the i.p.
inoculated animals, with peaks at 6 h and 11 days postinfection.
An increase in the number of mononuclear cells in the peri-
toneal cavity was found after the third day of infection. No
significant differences between eosinophil and mast cell popu-
lations were seen (not shown). Control mice injected i.p. with
PBS did not show a significant influx of neutrophils (not
shown).

In order to assess the recruitment of neutrophils to M. tu-
berculosis infection foci during systemic infection, we studied
the leukocyte populations in spleen and liver following infec-
tion by the i.v. route. In the spleens of noninfected mice, high
numbers of neutrophils were found (Fig. 2). These numbers
increased significantly after day 3 in the i.v. inoculated animals
(Fig. 2). The histological analysis of liver sections showed that
neutrophils were very rare in control mice but were recruited
to this organ during the entire course of systemic infection by
M. tuberculosis (Table 1).

At the infection foci, M. tuberculosis bacilli were never found
associated with neutrophils but rather were found in macro-
phages.

RB6-8CS efficiently abrogates neutrophilia at infectious foci
during systemic infection by M. tuberculosis. A severe, tran-
sient, and selective neutropenia was obtained by our protocol
of administration of MAb RB6-8C5 in mice systemically in-
fected with M. tuberculosis. In fact, during a 6-day period after
the beginning of the treatment with MAb RB6-8CS5, no neu-
trophils were found in the spleen by cytological analysis (Fig.
2). A similar neutropenia was found in the liver by histological

analysis (Table 1). No significant differences in the numbers of
other leukocytes due to the treatment with MAb RB6-8C5
were found in either organ.

The depletion of neutrophils during the first week of infec-
tion exacerbates M. tuberculosis proliferation. Neutrophil de-
pletion was carried out early in infection by the administration
of three doses of the antibody at 5 h, 2 days, and 4 days after
the inoculation of mycobacteria. The effect of this early neu-
trophil depletion on bacterial numbers was different in each
organ. In the lung, a significant exacerbation of mycobacterial
proliferation was found at the end of the effective period of
depletion, i.e., 7 days (Fig. 3). In the spleen, bacterial numbers
were higher in MAb-treated animals than in control mice from
day 15 onwards. Finally, in the liver, the exacerbation of infec-
tion induced by the treatment with MAb RB6-8C5 occurred
both during the neutropenic period and after recovery from
the neutropenia. In this organ, at day 15 of infection the bac-
terial loads in neutropenic mice were 10-fold higher than those
in the nondepleted animals. Differences in the mycobacterial

TABLE 1. Numbers of neutrophils in liver sections of early
neutrophil-depleted and nondepleted i.v. infected mice®

Mouse group Neutrophils/mm? (mean = SD) on day:

Infection Treatment 0 3 7
None None 23+0.8
M. tuberculosis  PBS 42,6 =108 72.1 =236
M. tuberculosis  RB6-8C5 74 *0.5 71.6 = 22.6

“ Systemic infection with M. tuberculosis and neutrophil depletion with MAb
RB6-8C5 were carried out as described in the legend to Fig. 2. Noninfected and
nondepleted mice were used as a control. Statistical differences are significant for
neutrophil numbers in infected versus noninfected mice (P < 0.01 for both day
3 and day 7) and for neutrophil numbers in depleted and nondepleted infected
mice at day 3 (P < 0.01). Four mice per group were used.
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FIG. 3. Effect of early neutrophil depletion on susceptibility of BALB/c mice to M. tuberculosis infection. Mice were injected i.v. with 10° CFU of M. tuberculosis
and treated with MAb RB6-8C5 (circles) or PBS as a control (squares) as described for Fig. 2. Groups of mice were sacrificed at different time points, and numbers
of viable bacteria were determined by plating serial dilutions of organ homogenates on Middlebrook 7H11 medium. The results represent the geometric means and
standard deviations of the CFU of four animals. Statistical differences between mice treated with MAb RB6-8C5 and mice treated with PBS: *, P < 0.05; **, P < 0.01.
Results are from one representative experiment of three independent experiments.

numbers in the latter two organs persisted throughout the
remaining course of the infection.

In order to address the role of the antibody treatment in
early bacterial growth, two independent experiments were per-
formed wherein bacterial numbers in the liver, spleen, and lung
were determined at day 3 of infection. Table 2 shows that no
exacerbation of bacterial growth occurred at this early time
point.

Early neutrophil depletion causes decreased expression of
mRNAs for IFN-y and iNOS in vivo. In order to assess the
mechanism(s) through which neutrophils participate in the
host defense against systemic infection by M. tuberculosis, we
analyzed the expression of mRNAS for IFN-y and iNOS in the
livers of neutropenic and nondepleted mice infected with the
bacilli, using RT-PCR.

We found that neutropenic mice expressed lower levels of
mRNA for IFN-y early in infection compared to nondepleted
mice. This decreased level of mRNA for IFN-y was found
during the neutropenic period, at day 3 of infection (Fig. 4). At
this time point, no message for iNOS was found in either group
of mice. Later in infection (day 7), we found a lower level of
message for iNOS in the livers of mice that had been previously
treated with the antineutrophil MAb RB6-8C5 than in the
controls (Fig. 4).

IL-10 neutralization or IL-12 administration partially ab-
rogates the exacerbation of infection induced by early neutro-
phil depletion. The lower levels of mRNA expression for
IFN-y found in infected neutropenic mice compared to in-
fected nondepleted mice could be the result of either a de-
creased production of IL-12 or an increase in the levels of
IL-10, or both. In order to test this hypothesis we assessed the
effect of the neutralization of IL-10 as well as the effect of the
administration of IL-12 in neutropenic mice and in nonde-
pleted mice.

While the administration of rIL-12 did not affect mycobac-
terial numbers in nondepleted mice, it clearly reduced the
exacerbation of infection in the livers of mice treated with the
antineutrophil antibody (Fig. 5). Treatment with anti-IL-10
MAD also resulted in reduced exacerbation of infection due to
neutrophil depletion (Fig. 5).

Depletion of neutrophils during the third week of infection
does not affect the proliferation of M. tuberculosis. If the in-
creased susceptibility seen during MAb RB6-8C5 treatment is
related to decreased innate responses, we would expect late
depletion to have very little effect on bacterial growth. We
therefore depleted previously infected mice and compared the
effects of such treatment with a control infection. As shown in
Fig. 6, this depletion of neutrophils late in infection had no

TABLE 2. Effect of early neutrophil depletion of BALB/c mice on bacterial loads at day 3 of infection with M. tuberculosis*

Log,y CFU (mean * SD) in:

Treatment
Liver Spleen Lung
Control 5.56 = 0.17 4.89 +0.16 343 +£0.08
RB6-8C5 543 +0.13 (P =10.29) 4.86 = 0.17 (P = 0.85) 3.58 £ 0.15 (P = 0.14)

¢ Infection and neutrophil depletion were carried out as described in the legends to Fig. 2 and 3. Results are from one representative experiment of two independent

experiments. Four mice per group were used.
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FIG. 4. Semiquantitative RT-PCR analysis of in vivo expression of IFN-y, iNOS, and HPRT in mouse livers at 3 and 7 days after systemic infection with 103 CFU
of M. tuberculosis. Liver fragments were collected from control mice (mice injected with PBS) and from mice made neutropenic by treatment with MAb RB6-8C5 as
described for Fig. 2. Each lane represents data from one animal after scanning of the Southern blots. Results are from one representative experiment of two

independent experiments.

effect on the mycobacterial loads in the three target organs
studied.

DISCUSSION

As already reported for other mycobacteria (5, 47), we show
here that infection with M. tuberculosis led to the persistent
recruitment of neutrophils to the sites of infection, namely, to
the peritoneal cavity after i.p. infection and to the liver and
spleen after i.v. infection. Importantly, the protective role of
this neutrophilic response was demonstrated by the increased
susceptibility of neutropenic mice to M. tuberculosis.

Clearly, the depletion of neutrophils during the first week of
infection allowed increased growth of M. tuberculosis in liver,
spleen, and lung; this increase was most pronounced in the
liver. At present we have no explanation for the importance of
neutrophils in protective responses in the liver. Interestingly,
however, other related reports, on studies using a variety of
infectious agents, have also noted increased susceptibility in
the livers of neutrophil-depleted mice (4, 6, 15, 21).

We do not feel that the protective function of the neutro-
phils is as a direct killer cell in the host resistance against M.
tuberculosis. In support of this hypothesis, we did not find M.
tuberculosis bacteria associated with neutrophils in either the
peritoneal or splenic cytospin preparations or the histological
sections of the liver; rather, the bacteria were clearly associated
with or within macrophages. This observation indicates that
there is little opportunity for direct phagocytosis and intracel-
lular killing of M. tuberculosis by neutrophils in vivo. Other
studies have addressed the role of neutrophils in direct killing
of M. tuberculosis. Brown (10) and Jones et al. (31) have dem-
onstrated that human neutrophils are capable of controlling
the growth of M. tuberculosis in cultures of human neutrophils,
but their assays did not distinguish between intra- and extra-
cellular killing. In contrast, Denis reported that human neu-
trophils were unable to kill M. tuberculosis even after activation
with cytokines (24).

There are several plausible mechanisms that could mediate
this indirect protective role of neutrophils against infection by
intracellular parasites. These include immunomodulation
through production of cytokines and chemotactic factors (8, 9,
25, 37-39, 41, 42, 50), secretion of granule components that
can activate infected macrophages (26, 34, 35), and transfer of
neutrophilic antimicrobial materials to the macrophage (29,
33, 34, 47).

Although we cannot exclude the other mechanisms men-
tioned above, we favor an immunomodulatory activity of the
neutrophil, particularly in the liver. In fact, the increase in
bacterial proliferation observed in the livers of the neutrophil-

depleted mice occurred not only during the period of neutro-
penia but also later when neutrophils were again present in the
host. The possibility of an immunomodulatory role for neutro-
phils in the protective mechanisms against M. tuberculosis is
supported by the fact that mouse neutrophils are known to
secrete several cytokines, such as IL-1a/B, IL-6, IL-10, IL-12,
and tumor necrosis factor alpha (9, 11-13, 38, 41, 42).
Several of these cytokines are known to modulate the ex-
pression of IFN-vy, which is a key cytokine in the host defense
mechanisms against M. tuberculosis in the mouse (18, 27). A
second major component of the protective response is the
macrophage product nitric oxide. This molecule is required to
create a toxic environment within the infected macrophage and
is dependent on the enzyme iNOS for its production. In turn,
the expression of iNOS is highly dependent upon IFN-y ex-
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FIG. 5. Effects of IL-10 neutralization or IL-12 administration on host sus-
ceptibility to M. tuberculosis infection for normal and neutropenic mice. Mice
were injected i.v. with 10° CFU of M. tuberculosis and treated during the first
week of infection with MAb RB6-8C5 (right panel) or PBS (left panel) as
described for Fig. 2. Recombinant IL-12 was administrated i.p. at 5 h and 2 days
after infection, and neutralization of IL-10 was done by i.p. injection, at 5 h after
infection, of 2 mg of MAb JES5-2A5 (aIL-10); as a control for these treatments,
mice were injected i.p. with PBS. Groups of mice were sacrificed at 14 days of
infection, and numbers of viable bacteria were assessed. The results represent
the geometric means and standard deviations of the CFU of four animals.
Statistical differences between mice treated i.p. with PBS and mice treated i.p.
with IL-12 or with MAb JES5-2A5: *, P < 0.05; ##, P < 0.01. Results are from
one representative experiment of two independent experiments.
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pression (27). Interestingly, we observed that the neutrophil-
depleted mice expressed less mRNA for IFN-y early during
depletion (day 3) and that the loss of this IFN-y resulted in
reduced expression of iNOS mRNA later (day 7). These ob-
servations clearly suggest that the presence of neutrophils in
the infection foci is important for the early production of
IFN-vy and that the decreased production of IFN-y in neutro-
penic mice affects the nitric oxide-mediated antimycobacterial
activity of infected macrophages.

The cellular source for the early IFN-y is unlikely to be
conventional T cells, since the effect occurs earlier than anti-
gen-specific T cells emerge (17). There has been a recent spate
of publications implicating many types of cells of the innate
immune system in the production of IFN-y. Natural killer
(NK) cells produce IFN-y in response to IL-12 and tumor
necrosis factor alpha (28). In addition, NK cells which express
an af T-cell receptor (NK T cells) have been shown to release
several cytokines and chemokines very rapidly upon activation
and have been suggested to play a role in initiating and/or
modulating the acquired immune response (7). At this time we
have no data supporting the role of any particular cell type in
the neutrophil-dependent early expression of IFN-y. We sug-
gest, however, that the presence of neutrophils is required for
IFN-y production by cells of the innate immune system early
after infection. Consistent with this interpretation, no effect on
bacterial proliferation was seen as a consequence of a later
neutrophil depletion induced during the third week of infec-
tion, when protective T cells have already been induced.

IL-10 and IL-12 are cytokines that are induced by bacterial
infection and which also modulate IFN-y expression (51, 52).
IL-12 acts directly on cells to both induce and expand their
ability to make IFN-y. In contrast, IL-10 acts on IL-12-pro-
ducing cells to inhibit production of this cytokine and therefore
indirectly limit IFN-y production (23, 32). The protective role
of IL-12 in infections by intracellular parasites, including M.
tuberculosis and M. avium, have been well described (14, 19, 20,
44, 48). Moreover, in experimental models of murine candidi-

asis and toxoplasmosis, one source of protective IL-12 was the
neutrophil population (9, 42). In addition, it was recently re-
ported that neutrophils isolated from mice early after infection
with M. avium produce increased amounts of IL-12 compared
to neutrophils from uninfected mice (38). We therefore hy-
pothesize that in normal mice exposed to M. tuberculosis, neu-
trophils produce excess IL-12 which limits the effect of any
IL-10 expressed. This excess IL-12 then tips the balance in
favor of early IFN-y production. In the neutrophil-depleted
mice there is insufficient IL-12, and therefore IL-10 dominates,
resulting in reduced early IFN-vy. In support of this hypothesis,
we report here that both the addition of rIL-12 and the inhi-
bition of IL-10 resulted in a reduced exacerbatory effect of the
antineutrophil treatment.

In summary, our results show that neutrophils play a pro-
tective role in a murine model of systemic infection by M.
tuberculosis. In particular, these cells are important in limiting
bacterial growth in the liver. The protective nature of the
neutrophil was in evidence during the early period of the in-
fection and was mediated via a nonphagocytic, possibly immu-
nomodulatory, mechanism which affected IFN-y production.
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